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Abstract
A fundamental problem in biology is the reconstruction of the relatedness of all (extant) species.
Traditionally, systematists employ visually recognizable characters of organisms for classification
and evolutionary analysis. Recent developments in molecular and computational biology, however,
lead to a whole different perspective on how to address the problem of inferring relatedness.
The discovery of molecules, carrying genetic information, and the comparison of their primary
structure has, in a rather short period of time, revolutionized our understanding of the phylogenetic
relationship of many organisms.
These novel approaches, however, turned out to bear similar problems as previous techniques.
Moreover, they created new ones. Hence, taxonomists came to realize that even with this new
type of data not all problematic relationships could be unambiguously resolved. The search for
complementary approaches has led to the utilization of rare genomic changes and other characters
which are largely independent from the primary structure of the underlying sequence(s). These
“higher order” characters are thought to be evolutionary conserved in certain lineages and largely
unaffected by primary sequence data-based problems, allowing for a better resolution of the Tree
of Life.
The central aim of this thesis is the utilization of molecular characters of higher order in connec-
tion with their consistent and comparable extraction from a given data set. Two novel methods
are presented that allow such an inference. This is complemented with the search for and analysis
of known and novel molecular characteristics to study the relationships among Metazoa, both
intra- as well as interspecific.
The first method tackles a common problem in phylogenetic analyses: the inference of reliable
data set. As part of this thesis a pipeline was created for the automated annotation of metazoan
mitochondrial genomes. Data thus obtained constitutes a reliable and standardized starting point
for all downstream analyses, e.g. genome rearrangement studies.
The second method utilizes a subclass of gaps, namely those which define an approximate split
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of a given data set. The definition and inference of such split-inducing indels (splids) is based
on two basic principles. First, indels at the same position, i.e. sharing the same end points in
two sequences, are likely homologous. Second, independent single-residue insertions and deletions
tend to occur more frequently than multi-residue indels. It is shown that trees based on splids
recover most of the undisputed monophyletic groups while influence of the underlying alignment
algorithm is relatively small.
Mitochondrial markers are a valuable tool for the understanding of small and large scale pop-
ulation structure. The non-coding control region of mitochondrial DNA (mtDNA) often contains
a higher amount of variability compared to genes encoding proteins and non-coding RNAs. A
case study on a small scale population structure investigates the control region of the European
Fire-bellied Toad in order to find highly variable parts which are of potential importance to develop
informative genetic markers. A particular focus is placed on the investigation of the evolutionary
dynamics of the repetitive region at an inter- and intraspecific level. This includes understanding
mechanisms underlying its evolution, i.e. by exploring the impact of secondary structure on slipped
strand mispairing during mtDNA replication.
The 7SK RNA is a key player in the regulation of polymerase II (Pol-II) transcription, inter-
acting with at least three known proteins: It mediates the inhibition of the Positive Transcription
Elongation Factor b (P-TEFb) by the HEXIM1/2 proteins, thereby repressing transcript elongation
by Pol-II. A highly specific interaction with LARP7 (La-Related Protein 7), on the other hand,
regulates its stability. 7SK RNA is capped at its 5’ end by a highly specific methyltransferase
MePCE (Methylphosphate Capping Enzyme). Employing sequence and structure similarity it is
shown that the 7SK RNA as well as its protein binding partners have a much earlier evolutionary
origin than previously expected. Furthermore, this study presents a good illustration of the pitfalls
of using markers of higher order for phylogenetic inference.
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Chapter 1
Introduction
One of the fundamental problems in biology is the reconstruction of the evolutionary history of
all (extant) organisms. The classical approach of inferring a hypothesis about the relationship of
a selected number of species is the comparison of morphological and/or physiological properties
shared by individuals representing these species. Thereby a characterization can be obtained that
allows the placement of the respective taxa in a (phylogenetic) tree.
However, there is a problem with inferring a hypothesis of relatedness based on shared properties.
Observable characters for the comparison, i.e. inference of a phylogenetic relationship, can be
misleading if they show similarity that is not the result of a common ancestor. For example,
similarity through the adaptation to the same environmental conditions (convergence) or by chance
(analogy) can result in wrong hypotheses. Therefore, systematics are in need of similarities which
have been inherited from a common ancestor of those organisms showing that character set
(homology).
Ideally, such a character set would be: (i) present in all studied taxa, (ii) unambiguously
homologous, (iii) not a target to convergent evolution, and (iv) labile to generate a strong signal
while stable enough to be maintained [37].
Traditionally, taxonomists employ visually recognizable parts, i.e. characters, of organisms, such
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4as the form of the arthropod leg, for classification and evolutionary analysis. Recent developments
in molecular biology, however, lead to a whole different perspective on how to address the problem
of inferring relatedness. The discovery of proteins, DNA1, and RNA and the comparison of their
primary structure (i.e. nucleotide or amino acid sequence) has, in a rather short period of time,
revolutionized our understanding of the phylogenetic relationship of many organisms [3]. This
development is closely connected with the field of computational biology [24, 116].
Systematists, however, soon realized that even with this new type of data not all problematic
relationships could be unambiguously resolved, see e.g. [104, 308]. Evolutionary analyses based on
sequence data suffer not only from problems similar to physiological character-based investigations,
e.g. homoplasy (characters shared by a set of species not due to common ancestry), but also
yielded several new challenges, such as (i) rate variation in sites and lineages, (ii) non-independent
and (iii) multiple substitutions (including saturation), and (iv) the development and selection of
appropriate evolutionary models [38, 271, 327]. Moreover, recent analyses on a genome-wide
scale demonstrated that even including more sequence data might not be sufficient to recover a
convincing phylogeny [184, 308].
Thus, researchers working in the field of phylogenetics were searching for complementary ap-
proaches, which has led to the utilization of rare genomic changes (RGC) [329] and other characters
of “higher order”, i.e. characters largely independent from the primary structure of the underly-
ing sequence(s). RGCs are thought to be evolutionary conserved in certain lineages and largely
unaffected by primary sequence data-based problems, allowing for a better resolution of deeper
branches. Nevertheless, the definition and utilization of RGCs should be done carefully, as wit-
nessed by lively debates about their correct usage, see e.g. [334, 467] or [176, 328, 335].
The central aim of this thesis is the utilization of molecular characters of higher order and
their consistent and comparable extraction from a given data set. This is achieved through the
development of new methods as well as the search for and analysis of known and novel markers.
At first, a brief discussion of the character concept and an overview of RGCs and other char-
acters of higher order, which have been employed in the inference of phylogenetic hypotheses, is
given in Chapter 2.
Chapter 3 presents an improved method for the de novo annotation of metazoan mitochon-
drial genomes. A reliable annotation is the prerequisite for all downstream analyses, including
phylogenetic reconstruction. Data available in public databases, however, is found to contain
not only insufficient annotations but errors. Using the presented pipeline for de novo as well as
re-annotation of metazoan mitochondrial genomes facilitates all subsequent evolutionary analyses,
e.g. genome-rearrangement studies.
1See Dahm and Miescher [78] for an excellent review on how the Swiss physician Friedrich Miescher discovered
the DNA.
5Chapter 3 is based on the following publications:
• Donath, A, Bernt, M, Ju¨hling, F, Externbrink, F, Florentz, C, Fritzsch, G, Pu¨tz, J, Midden-
dorf, M, and Stadler, PF. MITOS: Standardizing and improving metazoan mitochondrial
genome annotation, 2011. Submitted.
• Ju¨hling, F, Bernt, M, Donath, A, Florentz, C, Middendorf, M, Pu¨tz, J, and Stadler, PF.
Improved systematic tRNA gene annotation allows for enlarged insights into the evolution
of mitochondrial tRNA structures and into the mechanisms of mitochondrial genome ar-
rangements. 2011. Submitted.
Variation of mitochondrial genes, on the other hand, is not suitable for resolving intraspecific
relationships. Here, the non-coding control region can provide a basis, as it is evolutionary highly
active and shows a variability not found in flanking genes. In Chapter 4, the Bombina bombina
control region is analyzed for features that can be employed in small and large scale population
analyses. Chapter 4 is based on:
• Stuckas, H, Lippold, S, Hauswaldt, S, Donath, A, and Tiedemann, R. Evolutionary dynamics
of the mitochondrial control region of the fire-bellied toad Bombina bombina, 2011. In prep.
Several markers are identified that define two mitochondrial lineages and several haplotypes. More-
over, based on secondary structure analyses an important aspect is added to the dynamics that
shape the evolution of parts of the control region in poikilothermic animals.
Chapter 5 presents a novel method that utilizes a subclass of gaps/indels, namely those which
define an approximate split of the data set, for phylogenetic reconstruction. It is shown that trees
based on splids (splid-inducing indels) recover most of the undisputed monophyletic groups while
influence of the underlying alignment algorithm is relatively small.
Chapter 5 is based on the following publication:
• Donath, A and Stadler, PF. Split-inducing indels in phylogenomic analysis, 2011. Submitted.
The search for 7SK RNA and its binding partners in Metazoa (Chapter 6) presents a case study
that shows the problems of identifying homologous features. The chapter is based on:
• Marz, M, Donath, A, Verstraete, N, Nguyen, VT, Stadler, PF, and Bensaude, O. Evolution
of 7SK RNA and its protein partners in metazoa. Mol. Biol. Evol., 26:2821–2830, Dec 2009.
Following this example, pitfalls of using markers of higher order for phylogenetic inference will be
discussed.
Finally, Chapter 7 introduces the concept of rate variation as marker for phylogenetic tree
inference.
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Chapter 2
Characters of Higher Order
2.1 Characters
What is a character? The question sounds trivial. From a classical systematists point of view,
a simple answer could follow the description given by Wa¨gele [415]: Everything we perceive is a
character. Thus, a character is an abstraction as the result of an observation of a single organism,
e.g. the view that an animal possesses extremities.
The “realization” of a character, e.g. four legs, is referred to as a character state. Lewontin [231]
explains a character state as an adaptation caused by natural selection. His definition is based on
the assumption that the realization or change of a character state can be produced by mutation(s)
without significant affects on the functionality and/or structure of other characteristics (quasi-
independence). This notion, however, does not assume a general independence among characters.
It rather states that it is possible to “adjust” a character without permanently modifying other
observable characteristics.
Based on their ontological status, Wa¨gele [415] divides characters into three types: (i) noticeable
properties of an individual, independent of any observer, (ii) similarities noticeable in several
organisms, and (iii) homologies. Note that characters of type (ii) and (iii) do not arise through
7
8a comparison. Rather, they result from an independent observation within a single organism and
subsequent comparison to another. Hence, in the traditional sense, the observability of a character
depends only on the individual bearing the property.
Coming from a classical taxonomical background, this answer seems satisfactory: the color of
an organism, the number of extremities of an animal, and so on are all observable properties of
a single species. However, this definition is not sufficient in the light of recent developments in
molecular and computational biology. Certain “characters” are clearly not observable in a single
organism. Sequence gaps, for instance, are not “part” of the sequence itself, but can only be
found through the comparison of (at least) two species.
Even the adjustment of a character, i.e. the change of a character state, presupposes the possi-
bility of observation in a single individual and, at least to some extent, the definition of a concept
of homology. As we are observers at a given point in time, we can not witness the process of
change itself but rather the current state of the character. Consequently, a character state change
implicitly requires the comparison to a “reference state”. Thus, the character state definition of
Lewontin disagrees to some extent with the classical systematists definition of a character as a
property identifiable “on its own”. A broad interpretation of Lewontin’s definition allows for a
description of gaps/indels as characters, However, certain characters can be inferred, as will be
shown below, whose states do not follow his notion.
To summarize, while seemingly easy to answer at first, the question of “What is a character?”
bears not only technical but also ontological problems. In the following no attempt is made
to solve this dilemma — reference is made at this point to other sources in the literature, e.g.
Wagner [416]. However, the complexity of the problem has to be kept in mind, as this thesis not
only utilizes characters based on observation within individuals but also shows the applicability of
characters not compatible with the classical definition of independent observability.
2.2 A Plenty of Possibilities
Independent of any theoretical problems concerning the character definition, a wealth of markers
have been employed to reconstruct the relatedness of individual organisms. Hence, the remaining
part of this chapter presents an overview of RGCs and other characters of higher order and how
they can be utilized in phylogenetic inference. This includes not only quite common markers, e.g.
ncRNA secondary structure, but also rather unusual ones, such as metabolic networks.
2.2.1 Secondary Structure-based Characters
Various types of non-coding RNAs (ncRNAs) are known [30, 92], each exhibiting a characteristic
three dimensional structure. Individual folding domains, e.g. the anticodon arm of a tRNA,
resemble single characters that are prerequisites for their biological function. The computational
9prediction of the tertiary structure of a ncRNA, however, is a demanding task [169, 239]. ncRNA
secondary structures, on the other hand, are rather easy to predict as efficient algorithms have
been developed, e.g. [165]. More importantly, the two dimensional structure of a ncRNA has
a definite physical meaning as folding intermediate. It is therefore a useful tool in a variety of
analyses. For instance, the global secondary structure of a ncRNA can be regarded as a character
set that can be employed in phylogenetic reconstruction.
At first, application of folding structure in tree inference was limited to the improvement of
sequence-based alignments, e.g. [158, 205]. As conservation of rRNA (ribosomal RNA) secondary
structures was found to be much higher than sequence conservation, rRNA structure motifs were
employed to anchor homologous regions to enhance the correct alignment of problematic regions.
Later, changes in ncRNA sequences and secondary structure were mapped to phylogenies from
morphology and DNA sequences to support hypothesis about monophyly, e.g. in Ixodidae (hard-
backed ticks) [281].
One of the first approaches to quantify the effect of secondary structure change in phylogenetic
analysis has its roots in graph theory. ncRNA secondary structures can be represented as trees
where each internal node corresponds to a base pair and a leaf node to an unpaired nucleotide [122,
362, 363, 469]. The minimum number of operations (substitutions, insertions, and deletions) to
change one secondary structure into another can then be given as the number of steps to transform
one tree into the other, i.e. the tree edit distance. This has been for example implemented in the
RNAdistance program of the Vienna RNA Package [165].
The technique has been used by Collins et al. [72] for studying the evolution of pRNA (of
RNase P [183, 420]) and mrpRNA (of RNase MRP [81, 108]). While not being able to unam-
biguously resolve all subgroups, the authors remark that the resulting trees were largely congruent
with those derived from sequence data. Collins and co-workers used an additional approach to
infer prokaryotic 16S rRNA relationship. They compared homologous helices of domain I (and III)
with respect to the number of nucleotides within each stem, each loop, and each single-stranded
region and used them as characters. The sum of the differences between each pair of structural
entities was then used as a distance measure.
This “quantity”-based approach has also been used by others. Billoud et al. [29], for instance,
used the count of nucleotides involved in each substructure of 18S rRNA for the phylogenetic
inference of Cirripedia (Crustacea). As it is generally the case, they based their analysis on the
minimum free energy (MFE) structure. Neighbor-joining and parsimony analyses (see Section 2.4)
showed a considerable agreement with results based on sequence data only.
Hence, Collins et al. [72] and Billoud et al. [29] were among the first who employed molecular
morphometrics (that is, the characterization and analysis of variation and change in the structure,
i.e. size, of a molecule) in inferring phylogenetic hypotheses.
Caetano-Anolle´s and co-workers generalized and extended the approach of morphometrical
matrices [58, 59] and implemented it in the NOBAI package [208]. The NOBAI (Numeration of
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Objects in Biology: Alignment Inferences) web server codes information based on the secondary
structure of folded ncRNA sequences. First, it codes geometrical features in paired and unpaired
regions of the molecules as linearly ordered multi-state characters, i.e. the number of unpaired
nucleotides, the number of paired nucleotides, and the number of bulged nucleotides of each
substructure. Then, NOBAI calculates four normalized statistical “morphospace” parameters that
describe the molecular mechanic properties of the molecules: (i) the Shannon entropy of the
base-pairing probability matrix, (ii) the Frobenius norm [136], (iii) the base-pairing propensity,
and (iv) the mean stem length. These character matrices can then be employed in PAUP* [391]
for phylogenetic reconstruction.
Structure-based methods have been shown to lead to better results [199]. Additionally, they can
be useful to complement explorations of the origin and evolution of ncRNAs and their functional
domains [59, 60, 387, 388]. However, neither tree edit distances nor morphospace characters are
always able to employ the secondary structure of ncRNAs to uncover evolutionary patterns related
to organismal diversification on their own [199]. They can even disagree with sequence-based
methods, e.g. due to homoplasy or inaccurate folding [60, 268, 301, 387]. Thus, methods have
been developed to increase the amount of phylogenetic signal from ncRNA structure. RNAsalsa,
for instance, has been shown to lead to better resolved trees [229, 230, 382]. It utilizes the slower
evolution of structural features as a reproducible source of information. Prior knowledge about
structural patterns and thermodynamic folding via adapted constraints improves both ncRNA
structure predictions as well as alignments of structural ncRNA sequences. Additionally, numerous
other tools to identify homologous secondary structures of ncRNA are available, see Menzel et al.
[263] for a recent review.
Analyses are not confined to non-coding RNAs, however. Macey et al. [249], for instance,
used absence/presence patterns of mitochondrial OL (origin of light-strand replication) stem-
loop structures among lizards to infer evolutionary hypotheses via minimum evolution (ME, see
Section 2.4). They also identified seven unique secondary structures for mitochondria-encoded
tRNAs of which three were parsimonious informative secondary structure features. A tree inferred
from the tRNA secondary structures only was quite similar, although less resolved than a tree
inferred from sequence data.
Others employed a morphometrical approach to internal transcribed spacer 2 (ITS2), e.g. of
corals [137] or trematodes [312].
Additionally, structure-based methods can be applied to protein data. Wang, Caetano-Anolle´s
and co-workers used protein domain combinations of Eukaryota, Bacteria, and Archaea to recon-
struct phylogenetic trees [424, 425, 426]. They determined the normalized frequency with which
individual domain combinations occurred in genomes (domain combination abundance) and coded
them as linearly ordered multi-state phylogenetic characters, an approach similar to NOBAI. The
character matrices were then employed in phylogenetic inference using maximum parsimony. The
obtained pan-domain phylogenies showed the tripartite nature of life, correctly grouped major
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organismal lineages within Archaea and Eukaryota, and generally clustered major bacterial groups
appropriately. However, some problems persist. The inferred trees lack a detailed resolution within
each major clade, e.g. plants cluster closer to Metazoa than Fungi with high bootstrap support.
2.2.2 Genome Rearrangements
Genome rearrangements have been proposed as very promising for the study of deep evolutionary
relationships as gene arrangements are believed to evolve much slower compared to primary se-
quences [329]. The basic principle is the comparison of two (or more) gene arrangements asking
how one can be transformed into the other [32, 37, 41, 146, 350, 351]. This can be done by a set
of defined operations. The minimal number of operations necessary to transform two genomes
is here referred to as a distance. From these pairwise distances a tree can be generated, e.g. by
neighbor-joining. The major challenge is to find a consistent and, not less importantly, biologically
meaningful set of operations which can be used to solve the genomic distance problem.
Watterson et al. [431] first raised the question of how to find an efficient algorithm for inferring
the minimum number of inversions required to change one (circular) chromosome into the config-
uration of another. This minimum number of inversions is then defined as the distance between
the two circular chromosomes. While Watterson and co-workers do not distinguish between the
two opposite strands of the genome, later approaches take them into account, leading to more
efficient algorithms. In particular, several extensions and techniques have been introduced since
then, each incorporating more possible rearrangement events, such as transposition, including
weighting of the operations [15, 35, 349].
Nowadays at least one of four major rearrangement operations is taken into account:
1. A transposition moves a continuous region of a given chromosome to a distant position (on
the same chromosome).
2. Inversions reverse a continuous part of the chromosome. That is, they affect the order of
the respective genes by reversing them and moving them to the opposite strand.
3. Inverse transpositions combine the previous two operations by transposing a continuous
region of the chromosome to a distant position and inserting it inversely.
4. A tandem duplication random loss (or simply a duplication-loss) models a tandem duplica-
tion of a continuous part of a chromosome, which is inserted either upstream or downstream
of the region, followed by the random loss of one copy of each of the redundant genes [65].
The minimal number of rearrangement events is an edit distance. Depending on the employed
rearrangement operations different scenarios and distances can be inferred. For example, the
reversal or inversion distance is defined as the minimal number of inversions needed to transform
one genome into another by this operation only [431]. The problem has been shown to be NP-hard
if strands are ignored [61].
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Similarly, the transposition distance is defined as minimal number of transpositions needed to
transform one genome into another only by transpositions [15].
The four basic operations listed above are especially useful for analyzing unichromosomal
genome rearrangements. Multichromosomal genomes, however, constitute an algorithmically more
challenging task, and need further sets of operations. Hannenhalli and Pevzner [147] developed
an algorithm which can be applied to multichromosomal genomes, using fission, i.e. the split
of a chromosome in two parts, fusion, i.e. the join of two chromosomes into a single one, and
translocations, i.e. the exchange of genetic material between two chromosomes.
A promising approach has been proposed by Yancopoulos et al. [444], called the double-cut-
and-join (DCJ) operation. DCJ cuts a (multichromosomal) genomic region at two positions and
rejoins the resulting fragments. This technique is algorithmically simple and allows the modeling
of translocations and inversions. It is even possible to create circular intermediate chromosomes
and reintegrate them into a chromosome. Further extension, dealing with genomes of unequal
gene content and/or multiple copies by permitting genes in one genome which are completely or
partially unmatched in the other, have been developed [445].
Recently, Lin et al. [235] developed a DCJ-inspired model that allows transformations between
one circular chromosome and multiple linear chromosomes.
In principle, genome rearrangement-based tree inference is possible using neighbor-joining and
one of the several distance measures presented above [423]. Similarly, maximum parsimony and
Bayesian reconstruction method can be employed [221, 354].
Given a set of gene orders and a cost function which defines the cost of a tree to be the sum of
the costs of its edges, the cost of an edge can be calculated by applying one of the edit distances
given above, e.g. the inversion distance, between the endpoints (the two genomes) of the edge.
The problem is to find the tree of minimum cost, where the given gene orders are assigned to the
leaves and permutations of them are assigned to the inner nodes of the tree.
Various tools are available to reconstruct possible rearrangement scenarios, e.g. GRAPPA
(Genome Rearrangements Analysis under Parsimony and other Phylogenetic Algorithms) [272],
MGR (Multiple Genome Rearrangements) [41], TreeREx (tree rearrangement explorer) [25], and
EMRAE (efficient method to recover ancestral events) [465, 466]. Current approaches, however,
are in need for further development. For instance, duplications are an unsolved problem, algo-
rithms are not able to handle large data sets, and the complexity of the transposition distance is
still unknown.
(Metazoan) mitochondrial genomes have been discussed as ideal for rearrangement analyses,
as they possess numerous advantages (see also Section 3.1.1):
1. Their genome generally consists of a finite set of 37 genes (with some exceptions).
2. Homology between genes is nearly certain.
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3. Gene arrangement are thought to be stable over large time scales [329].
4. Convergence is seen as unlikely due to the high number of possible rearrangements (although
some exceptions are known [178, 346]).
Indeed they have been used to support phylogenies derived from sequence data, see e.g. [306].
However, this approach clearly has its limitations. While certainly useful to resolve deep
branches, stability of gene arrangements can lack resolution on shallow branches. An analysis
based on the re-annotation of the 89 Euarchontoglires mitogenomes of RefSeq 45, for instance,
shows that at least 80 species share the same gene arrangement (own observation, data not
shown).
An additional problem, as with all methods, is a reliable annotation of homologous genes. A
promising solution, however, is presented in Chapter 3.
2.2.3 Gene Content
One of the simplest approaches to utilize gene content of two genomes in phylogenetic inference
is the definition of a distance measure based on the number of shared genes between them.
Snel et al. [372] focused on pairs of genes that are each other’s “closest relative”. The authors
defined a distance measure between two genomes i and j based on a measure of similarity sij :
dij = 1− sij = 1− nij
min(ni, nj)
(2.1)
where nij is the number of shared genes between i and j and min(ni, nj) returns the smallest
number of genes of i and j. The distance matrix thus obtained is employed in tree inference by
neighbor-joining. The authors note that the resulting tree is in accordance (with the exception of
some branches) with a phylogeny based on 16s rRNA sequence data.
An approach that is based on the absence or presence of homologous enzymes, coded as a
binary string, in the genomes to be compared was used by Ma and Zeng [248]. Two different
distance measures were used by the authors – one based on the Jaccard index and one on the
Simpson index [189, 209]. The Jaccard index-based distance is defined as:
dij = 1− nij
ni + nj − nij (2.2)
where nij is the number of shared enzymes of genomes i and j and ni, nj are the number
of enzymes in the genomes i and j, respectively. The Jaccard as well as the Simpson index are
affected by the number of genes in a genome. That is, if two genomes possess a very different
number of genes, the distance will be very large, even if the larger genome contains most of the
smaller one. Thus, Korbel et al. [209] introduced a weighted version of the Simpson index:
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dij = 1− nij√
2ninj/
√
n2i + n
2
j
(2.3)
Both measures were used to calculate distance matrices, which were subsequently employed in
a neighbor-joining tree reconstruction. Ma and Zeng [248] found that their results support deep
branches and are similar to previous outcomes, but contradictory to an rRNA sequence-based tree.
In a recent review, Snel et al. [373] concluded that trees based on gene content show an overall
good separation between major kingdoms, and consistently group closely related species together.
The approach, however, seems to be less suitable for resolving intermediate distances [373].
The notation of “shared” genes or enzymes bears the problem of identifying orthologs (genes
of the same lineage). Horizontal gene transfer and secondary loss can lead to false hypotheses.
Additionally, complete genomes cannot always be obtained and finding less conserved orthologs
can constitute a problem. Therefore, Dutilh et al. [99] suggested the use of signature genes.
Signature genes are a core set of genes that occur in every daughter lineage of a given clade
but nowhere outside of it. They justify this definition in a parsimonious sense: if a gene can be
found at the root of a clade and all its descendant lineages, then it has been retained because
it possesses an important function for the species in that clade. In their analysis, Dutilh and
co-workers identified more than 8,000 of such genes in 112 prokaryotic clades. The phylogeny
they obtained was in good agreement with previous marker gene-based studies.
Protein domain content
Similar to gene content-based trees, some authors suggested the use of protein domains found in
a given genome. Here, the presence/absence of a fold superfamily level can be coded as a binary
vector. Pairwise distances between organisms can then be calculated by comparing these vectors
for each taxon and employed in a neighbor-joining or UPGMA (unweighted pair-group method
using arithmetic averages) tree inference.
Yang et al. [447] applied this approach in the reconstruction of a phylogeny, containing Eukary-
ota, Bacteria, and Archaea. The resulting tree largely recovered all three superkingdoms. Some
taxa were misplaced, however, not only between but also within the three major clades. Overall,
trees restricted to a single superkingdom showed the best results.
Wang and Caetano-Anolle´s [424] coded occurrence, abundance, and arrangement of domains
on fold and fold superfamily levels in a NOBAI-like manner. Characters were defined based on
different strategies. Each individual instance of domain combination was coded on (i) fold level
and on (ii) fold superfamily level. Similarly, all (iii) pairwise combinations of domains in a protein
were coded on fold level and on (iv) fold superfamily level. Additionally, trees were reconstructed,
based on the encoding of (v) abundance and (vi) occurrence of protein domains. The resulting
topologies suggested that the phylogenetic signal was independent of the applied coding strategy
and the hierarchical level of protein classification. The phylogenies resembled the tripartite tree
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of life, correctly grouped major organismal lineages within Eukaryota and Archaea, and generally
clustered major bacterial groups appropriately [424].
2.2.4 Metabolic Pathways/Networks
Using metabolic pathways or networks for tree inference is basically an extension of gene content-
based approaches. Here, sets of enzymes are grouped into metabolic pathways or networks they
belong to. This is interesting, as reaction networks could represent an organism more complete
than a single gene or gene set.
One of the first attempts of phylogenetic reconstruction based on gene pathways has been
made by Forst and Schulten [125]. The authors combine sequence dissimilarity information with
information about the underlying reaction network. The distance between two pathways is defined
through the distance between sequences of the same functional role, i.e. by incorporating the
distances between substrates and distances between corresponding enzymes. The distance itself
is calculated by a ClustalW [222] multiple sequence alignment. The reaction network for n
functional roles is represented by an n×n adjacency matrix. Within the matrix pairs of functional
roles that are connected by a reaction using a common substrate are marked with 1 (and 0
otherwise). By summing over the matrix entries the distance between two networks can be
calculated [124].
Another approach has been introduced by Liao et al. [234]. Liao and co-workers generated
binary profiles based on absence/presence of metabolic pathways (pathway profiles) in an organism
and compare the resulting strings. Tests on different metabolic pathways and networks showed
reasonable similarities to phylogenies based on single gene phylogenies. However, the authors
suggest that their method is more suitable for analyses of metabolic pathway evolution.
Heymans and Singh [157] focused on enzymes only. That is, they did not include information
about metabolites and substrates. The authors create graphs that represent the order of the
enzymes in a given pathway and compare these directed graphs pairwise. The enzymes are the
nodes, represented by their Enzyme Commission numbers1, a numerical classification scheme that
specifies the chemical reactions an enzyme catalyzes. Heymans and Singh [157] use this four digit
number to define a similarity measure between the nodes of the graph: the more numbers they
share, the higher the similarity score. By transforming the similarity score in a distance score,
a distance matrix is calculated and subsequently employed in the construction of a neighbor-
joining tree. The authors use four different data sets to test their method and compare the
results with the NCBI taxonomy and a tree based on 16S rRNA. They were able to recover all
three superkingdoms and organisms within the same genus were closely clustered together, thus
outperforming previous approaches (e.g. [234]). The resulting trees, however, were different when
several different pathways were used to construct trees separately.
A variety of other approaches have been published to obtain trees from metabolic pathway
1http://www.chem.qmul.ac.uk/iubmb/enzyme
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data. Hong et al. [171] inferred a distance measure by comparing profiles of whole subpathway
content across species, which allowed them to account for horizontal gene transfer. Other authors
calculated phylogenies based on the absence/presence pattern of enzymes in the genomes with
respect to the metabolic network structure [123, 294, 463]. Chor and Tuller [69] used a distance
measure based on the number of bits needed to describe a metabolic network given the description
of another (the relative description length).
In a recent study, Mano et al. [255] employed the similarity of pathway topologies together with
the similarity between enzymes that participate in the respective pathways to obtain a pairwise
distance measure, suitable for phylogenetic inference.
Additionally, more sophisticated methods have been introduced for maximizing the amount
of information to obtain a tree from metabolic pathway analysis. Oh et al. [294] used graph
kernels [130, 131] to compare the structures between metabolic networks of two organisms. In-
formation from gene ontology has been employed by others [70]. Chang et al. [64] decomposed
reaction networks into sets of related substrate-product pairs to avoid false linkage of two unre-
lated metabolites through metabolic hubs. These techniques, however, could neither overcome
previous problems nor improve shallow branches.
Perhaps the most thorough and promising approach has been developed by Mazurie et al. [260].
Their Network of Interacting Pathways compresses the information of entire metabolic reaction
networks. That is, overlapping metabolic pathways (sharing at least one metabolite) are repre-
sented by unidirected graphs, where a node represents a pathway and an edge between two nodes
is drawn if these pathways share at least one metabolite. Edges are weighted by the number of
shared metabolites. Each resulting network is then characterized by 69 descriptors (35 unique plus
34 derivatives). From these a pairwise distance vector between each taxon pair, containing 79
distance values, is calculated. The authors admit that not all distance values contributed equally
to the phylogeny reconstruction, however. From the pairwise comparison a distance matrix can be
calculated and used in the construction of a neighbor-joining tree. By comparing their results to
a 16S rRNA reference tree, Mazurie and co-workers could show that in almost all cases previous
approaches could be outperformed by their method.
A major drawback of using metabolic pathways/networks as phylogenetic markers is, that in
most cases pathways are only known from “simple” organism, such as Bacteria and Archaea, and
a few model organisms, e.g. human, rat, and Drosophila. Therefore, the impact on eukaryotic
phylogenies is not (yet) assessable. Also, all methods clearly depend on the number and selection
of taxa as well as metabolic pathways. Using an approach similar to the one by Heymans and
Singh [157], Zhang et al. [463] showed that phylogenetic information content of a tree based on a
comprehensive pathway set is substantially higher than that of a tree based on a single pathway.
In addition, retrieval of interaction data is not easy and depends on the enzyme classification
and on reference pathway sources such as KEGG [194].
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2.2.5 Gene (Context) Networks
Ding et al. [87] developed a method that measures the conservation of gene relationships (or-
thologs) between two organisms. They use a multi-edge gene-network, where genes constitute
nodes and edges are identified by pairs of proteins with similar presence/absence pattern across
genomes, to represent the information of relationship. Their approach is based on gene con-
tent methods and metabolic networks. Indeed if genes are independent of others, their method
will give results similar to gene content methods. The authors obtain a similarity score of two
gene-networks by summing up all similarity scores calculated over pairs of orthologous genes and
subsequent normalization of the sum by the square root of the product of the genes in these two
gene-networks. For the similarity scores of orthologous genes the Jaccard index over the set of
edges is used.
Ding and co-workers tested their method on 195 species – mostly bacteria – and obtained
strong support for monophylies of the three superkingdoms and most taxonomic subdivisions.
2.2.6 Introns and Near Intron Positions
Spliceosomal intron, i.e. sequences that interrupt eukaryotic genes and are removed from RNA
transcripts by the spliceosome, constitute another class of markers for phylogenetic inference
[177, 228]. The evolution of introns has been found to be largely independent of the coding
sequence in most lineages studied to date [331, 446]. For instance, studies have shown that the
degree of intron change is much lower than the degree of protein sequence change, which makes
them suitable to resolve deeper nodes [76, 315, 377, 430].
Similarly to other RGCs, introns were first employed to support or reject a proposed monophyly
through their gain/loss patterns [190, 262, 330, 409].
Later, methods have been developed to infer phylogenetic hypotheses directly from their ab-
sence/presence pattern. Such patterns have been used to address the relationship between nema-
todes, arthropods, and deuterostomes via a maximum likelihood approach [284, 332, 333]. Krauss
and co-workers used a binary absence/presence matrix and employed maximum parsimony to ob-
tain a tree [210]. However, the applied models appear to be an oversimplification, as they either
assume an independent and uniform gain/loss of introns [284] or no parallel gains at all [332].
A downside of intron pattern analyses is homoplasy, i.e. multiple loss of the same intron, which
can contradict phylogenetic hypotheses. Indeed, some studies report that loss of introns is much
more frequent then intron gain, e.g. in nematodes and arthropods [68, 204, 210, 336], or even
that there is no gain at all [76, 112, 331]. On the other hand, estimates suggest that parallel
gain of introns at orthologous positions in different evolutionary lineages account for <10% of all
intron positions [67, 390, 458]. Furthermore, Raible et al. [316] and Putnam et al. [315] showed
that the speed of intron evolution varies strongly between the evolutionary lineages of metazoans.
This is consistent with other studies, see Carmel et al. [63] and references therein.
In their study on intron gain/loss in arthropod eIF2γ genes Krauss and co-workers found several
18
cases of successive gains and losses of only slightly different intron positions [210]. Later they
called them near intron positions (NIPs) and proposed them as useful phylogenetic markers [211].
The logic behind this is as follows: Usually, two introns cannot coexist closely within the same
gene because exons smaller than approximately 50nt are relatively rare [341] and functionally
disadvantageous [62, 175]. Consequently, changes of intron positions within distances ≤ 50nt
should represent reliable synapomorphic (homologous evolutionary novel) characters states [211].
By scanning more than 750 putatively orthologous genes of Apis mellifera and Tribolium casta-
neum, Krauss and co-workers identified 189 intron pairs located less than 50nt from each other.
From these 22 could be identified as shared derived intron positions. Additionally, they identified
31 and 12 intron positions apomorphic (evolutionary novel) for A. mellifera and T. castaneum,
respectively. The amount of identified homoplasy (12 parallel intron gains or true exons) was
found to be too small to interfere with the phylogenetic analysis [211].
2.2.7 Mobile Elements
Mobile elements can integrate at a new site into the genome of their origin. Today several such
elements are known: (i) DNA transposons, (ii) autonomous retrotransposons (LTR (long terminal
repeat) and non-LTRs, with some exceptions), and (iii) non-autonomous retrotransposons (some
non-LTRs, e.g. short interspersed elements (SINEs)), see [198].
DNA transposons use a “cut and paste” mechanism to be excised from a genomic site and
integrated into another [261]. Retrotransposons, on the other hand, mobilize through RNA in-
termediates using a “copy and paste” mechanism [83, 297]. In this process, an RNA copy is first
generated from the original retrotransposon sequence and subsequently reverse-transcribed back
into DNA, using an enzyme called reverse transcriptase. The DNA is then inserted into a new loca-
tion in the genome. Autonomous retrotransposons possess reverse transcriptase, non-autonomous
lack it and are therefore often called transposons.
(Retro)transposons have a number of advantages for phylogenetic analysis. (1) They are be-
lieved to be nearly homoplasy-free markers [276]. That is, copies shared at the same locus in
two different species are generally derived from the same element originally inserted into the
germline of a common ancestor [364, 365]. However, even if two retrotransposons did insert at
the same location, they can usually be distinguished by the type of insertions and the length of
the flanking target site duplications (a short stretch of identical DNA sequence created on ei-
ther end of the newly integrated transposon) generated during their integration [74]. Some rare
cases of homoplaseous SINEs are known, but their frequency has been found to be smaller than
1% [20, 337, 343, 412]. (2) The ancestral state of an insertion polymorphism is the absence of
the respective mobile element at the particular genomic location. That is, once they integrated
into a genomic position, their exact removal is extremely rare [219]. (3) They are easy to geno-
type, compared to other genetic markers, using only PCR-based assays [320]. However, numerous
computational methods to identify and classify mobile elements have been developed, including
19
de novo approaches [322], and see Cordaux et al. [75] for a recent review. Nevertheless, a de-
tailed characterization is required before they can be utilized in the inference of a phylogenetic
hypothesis.
While many different non-LTR retrotransposons are known to exist [161, 240, 253, 254, 414],
SINEs and LINEs (long interspersed element) are employed in most present studies, see Shedlock
and Okada [364] and references therein.
The first study that inferred a tree solely from SINE insertion analysis is presented in Murata
et al. [276]. Based on three different tRNA-derived SINEs Murata and co-workers were able to
deduced a tree of salmonids which is well correlated with a tree based on mitochondrial DNA
sequences inferred elsewhere [401]. Additionally, SINEs and LINEs have been employed to resolve
and support the relationships among cetaceans, hippopotamuses, and ruminants [287] as well as
the monophyly of Odontoceti [286] and mammals [289, 429].
Alu elements, a special class of SINEs solely found in primates, are extensively studied and fre-
quently employed in phylogenetic analyses, see [232, 319, 344, 358] and [443] for a recent review.
The approaches to infer a phylogenetic hypothesis from mobile elements can be divided in three
different classes: (1) the analysis of the divergence levels of shared locus specific copies, e.g. [138],
(2) sequence-based analysis, e.g. [429], and (3) the analysis of absence/presence pattern, e.g.
[212, 287]. Kriegs et al. [212] analyzed absence/presence data of retroposons (non-autonomous
elements which lack reverse transcriptase) in mammals. The authors found them to be able to
provide solid support for a number of superordinal groups. They were also able to reveal deep
branches, such as the base branch on the placental tree, and evolutionary splits up to 100 million
years ago [290].
2.2.8 Gaps/Indels
Gaps in multiple sequence alignments are usually seen as a nuisance in molecular phylogenetics. In
most studies, gaps are treated as missing data or alignment columns with gaps are even removed
completely. Although stochastic models of sequence evolution that deal explicitly with gaps have
been developed and investigated [207, 226, 324, 402, 403]. Detailed evaluations show an overall
improvement of phylogenetic reconstructions when gaps are modeled explicitly [100, 321, 325]
but still report a negative effect of an increasing density of gap characters in multiple sequence
alignments [100].
Between these few rigorous approaches to include gaps and the dismissal of gaps as missing
data, indels (insertions/deletions) have been incorporated in several ways into sequence-based
phylogenetic analyses.
The simplest one is to code gaps as 5th character state (in nucleotide sequence analysis) [434].
This creates a certain amount of logical inconsistency as residues are observable, gaps are not.
To overcome this a different approach has been suggested that models indels as transformations
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linking ancestral and descendant nucleotide sequences [433].
Other authors have suggested the usage of a coding scheme. While different possibilities have
been suggested which code different indels within each region as different states [19, 246], one
of the most common is the replacement of the gapped regions by a binary matrix that codes
presence/absence of the respective indel [369, 459]. In this simple indel coding (SIC) approach
the binary matrix is added to the “ungapped” sequence data and employed in tree inference by
maximum parsimony. An extension of this – modified complex indel coding (MCIC) – maximizes
the amount of phylogenetic information in a parsimonious way by incorporating all indels [275, 369].
While SIC dismisses regions where one of the indels completely overlaps an indel contained within
another sequence, MCIC accounts for all possible gap-nucleotide patterns.
Multi-residue gaps have been reported as useful indicators of monophyletic groups, as they
show almost no homoplasies [110, 237]. Although some authors have shown that homoplasy can
be found in protein coding genes [18, 23, 188] which could be explained through the existence of
“indel hotspots” [266].
Nevertheless, shared multi-residue deletions have been used to support hypotheses derived from
molecular data in single gene analyses, e.g. for arthropods [413], birds [140, 186], and bats [398],
and large scale analyses, e.g. mammals [251, 278].
Others successfully used indels as genetic markers in population studies to analyze inter- and in-
traspecific variability, e.g. in wolves/dogs [407], humans [28, 266], salmon [408], and flies [73, 296].
In Chapter 4 we report a 189nt indel in the D-loop region of the European Fire-bellied toad
(Bombina bombina) mitogenome which allows for the definition of two basal mitochondrial lin-
eages and an application in reconstructing phylogeographic scenarios.
Chapter 5 presents a method that utilizes a subclass of indels, namely those which define a
reasonable bi-partition of a data set, to infer phylogenetic hypotheses from sequence data.
2.2.9 Numts
Mitochondrial DNA has been found to be frequently transferred to the nucleus, resulting in so-
called “nuclear mitochondrial DNA” (numt, pronounced “new-mights”) [238], and see [152] for a
very recent review.
While known to exist for more than 30 years, their utilization for phylogenetic analyses became
feasible only recently through the advent of low-cost high-throughput sequencing, as nuclear as
well as mitochondrial DNA is necessary for a reliable identification. Thus, the literature of numt-
based phylogenetic studies is still sparse.
Hazkani-Covo [150] reconstructed a primate phylogeny with the absence/presence pattern of
numts in a maximum parsimony approach. In her study, Hazkani-Covo found 328 absent/present-
informative numts and only two cases in which the pattern did not agree with the underlying
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phylogenetic tree. In an earlier study, Hazkani-Covo and Graur [151] found more than 80% of the
numts in the human and chimpanzee genomes to be orthologous. Thus, homoplasy seems to be
rare.
Jacques et al. [180] analyzed taxonomic hypothesis of yeast through absence/presence pattern
and found them to agree with a phylogeny deduced from intron sequence analysis.
Numt have also been proposed to be useful to analyze intraspecific polymorphism and intraspe-
cific marker, e.g. in Aedes aegypti [162], Mesomachilis (Machilidae) [16], and honeybee [22].
The mean mutation rate in human numts seems to be roughly ten times lower than the mean
mutation rate in the human mitogenome [152]. However, continuous mutation of both mitochon-
drial DNA as well as numts complicates their finding. Furthermore, the number and size of numts
is quite different between species [323]. If not correctly identified, numts can present a problem in
sequence-based analyses. For instance, their (unintended) inclusion in a phylogenetic reconstruc-
tion based on mtDNA sequences has led to the proposal of incorrect phylogenetic relationships
within the South American bird genus Scytalopus [9].
2.2.10 Conclusion
As can be seen from the overview given above, there is a variety of characters applicable for
phylogenetic inference.
Some of these markers are based on others, e.g. gene networks on gene content. Other char-
acters only work for a limited taxon set and can resolve only parts of the tree (e.g. numts and
mitogenome rearrangements).
The utilization of ncRNA secondary structures one the one hand and of gaps/indels on the other
presents an interesting illustration of the character definition problem. As pointed out above, the
global secondary structure of a ncRNA can be regarded as a character set, composed of individual
folding domains. NOBAI, for instance, treats every stem and loop as an individual character.
Character states are then the length of a single stranded region or the number of base pairs in
a stem. Changing the state of one character always leads to the modification of another. Thus,
individual characters and character states, while being observable in a single individual, are clearly
not independent (and contradict the notion of quasi-independence by Lewontin).
Gaps/indels, on the contrary, are not observable in a single sequence but rather the result of a
comparison of at least two sequences. Therefore, they are no characters in a classical sense.
Both, indels and ncRNA secondary structures, however, bear a detectable amount of phyloge-
netic signal.
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2.3 Searching Genomes
Even though most of the characters presented above are not employed on the sequence level, they
depend on a reliable discovery of orthologs. In most cases this is done by BLAST (Basic Local
Alignment Search Tool) [6]. More distantly related orthologs can be detected via PSI-BLAST [7].
The BLAST package offers a number of programs for the detection of high-scoring local similar-
ities, not only between two DNA (BLASTN) or two protein sequences (BLASTP) but also between
a protein query and a DNA target sequence and vice versa (BLASTX, TBLASTN, and TBLASTX) .
In the following, a brief overview of the BLAST algorithm is given. For a more detailed description
refer to Donath [90].
The idea behind the BLAST algorithm is that good local alignments are likely to contain at least
a small region of identities or very high-scoring matches, called neighborhood words. The general
ungapped BLAST algorithm consists of three major steps:
Seeding: A list of all neighborhood words of a fixed length is generated and used to search for
exact matches in the database (or target sequence) that score at least T .
Hit extension: The database is scanned for seeds. If a word of the set is found, BLAST tries to
extend the hit in both directions without using gaps, until the maximal possible score is
reached.
Evaluation: The statistical significance of the alignment is calculated and matches satisfying a
certain alignment threshold are reported.
The hit extension accounts for more than 90% of the BLAST execution time. An improvement
was made through the introduction of the ’two-hit’ method [7]: Hit extension is only performed
if two non-overlapping hits on the same diagonal occur within a given window size. This requires
the reduction of T to retain comparable sensitivity. As a result more hits can be found, but less
are expanded, which roughly halves the hit extension time.
Nowadays, a gapped version of BLAST is used, that performs an additional hit extension after
the second step based on a variation of the Smith-Waterman algorithm.
While producing quite good results, BLAST can have problems with the identification of distantly
related sequences. For instance, the conservation of a protein structure might be much better than
its sequence conservation [44]. Profile-based search techniques, employing well conserved motifs
or patterns identified through an alignment of homologs, can improve the recognition of distant
relationships [7]. Profiles are created by assigning a score to every amino acid for a particular
position in the pattern: high positive scores to highly conserved residues, a score close to zero to
all weakly conserved amino acids, and high negative scores otherwise.
A further improvement can be achieved by iteratively rebuilding of the profile [395, 455]. Fol-
lowing each search iteration a number of high-scoring sequences can be added to the alignment.
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From this a new profile is calculated and used in the next iteration step.
In PSI-BLAST (Position-Specific Iterated BLAST) [356] the profile, here called PSSM (position-
specific scoring matrix), is created by the following steps:
1. A single protein sequence is taken as query and compared to a protein database, using the
gapped BLAST algorithm.
2. A multiple sequence alignment (MSA) is created from all significant hits and subsequently
turned into a profile.
3. The resulting profile is used in the following BLAST search.
4. Return to step 2., if no new statistically significant sequences can be detected.
The major difference of a profile-based search to a sequence-to-sequence alignment is that the
score is derived by the pattern itself. That is, except for the first step, no additional scoring
matrix is needed. One has to pay close attention to the building process of the profile, however.
As domain composition and architecture, even of homologous proteins, can differ and therefore
corrupt the alignment.
There are two benefits gained from using PSI-BLAST. First, an improved estimation of the
probabilities for the occurrence of the amino acids at the various positions. This results in an
adaptive (by including more sequences to the MSA from which the profile is generated) and highly
sensitive scoring system and an unmatched accuracy [356]. Second, boundaries of interesting
patterns are relatively good defined.
A study employing PSSMs and PSI-TBLASTN to detect distant homologs, previously not re-
covered by other methods, and therefore shedding light on the evolutionary age and phylogenetic
distribution of a ncRNA-mediated regulatory mechanism is presented in Chapter 6.
2.4 Reconstructing Phylogenies
Tree-reconstruction methods can be classified in numerous ways. One of the most common is a
distinction between distance-based and character-based approaches. Distance-based methods rely
on a pairwise character comparison. Given a certain scoring function which allows the calculation
of a dissimilarity measure between two characters (e.g. between two sequences), one can create a
distance matrix that holds all pairwise distances. From these a phylogenetic tree can be calculated
using a clustering algorithm, such as neighbor-joining (NJ) [342] or unweighted pair-group method
using arithmetic averages (UPGMA) [371].
Character-based methods try to fit the observed characters (e.g. nucleotides or amino acids) at
every site of all species (i.e. sequences) to a tree. Examples of such methods include maximum
parsimony [120, 148], maximum likelihood [115], and Bayesian inference [317].
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Joseph Felsenstein’s book “Inferring Phylogenies” [117] covers almost everything one needs to
know for a basic understanding of phylogenetics and reconstruction methods and explains many
algorithms in great detail. Therefore, here the distinct approaches will be only briefly described.
Neighbor-joining and maximum parsimony are the two most common methods to convert a
distance matrix into a tree and have been applied in many of the studies described above as
they do not need a stochastic model of evolution. Maximum likelihood has a strong statistical
background and is probably the most standard framework for inferring phylogenetic hypotheses.
2.4.1 Neighbor-joining
Neighbor-joining (NJ) is a clustering method and approximates the minimum evolution principle
(see below). The “amount” of evolution represented by a tree, is measured by the sum of all
branch lengths. The tree topology with the smallest sum of branch lengths is then chosen as the
best tree and called the minimum evolution tree. Starting from an unresolved, star-like tree, the
algorithm works as follows (modified after [117, 384]):
1. Based on the current n× n distance matrix D calculate for each leaf i of the starting tree:
di =
1
n− 2
n∑
k
i 6=k
Dik (2.4)
2. Find the pair of taxa i, j with the lowest value Sij , with
Sij = Dij − di − dj (2.5)
3. Create a node l on the tree that joins i and j and calculate the branch lengths from i to l
(uil) and from j to l (ujl):
uil =
1
2
(Dij + di − dj) (2.6)
ujl =
1
2
(Dij + dj − di) (2.7)
4. Calculate the distance of all remaining leaves to the new node l:
Dlk =
Dik +Djk −Dl
2
=
Dik +Djk −Dij
2
(2.8)
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5. Delete leaves i and j from D and add l instead.
6. If n > 2, go back to 1. Connect the two remaining nodes p,q by a branch of length Dpq,
otherwise.
NJ is computational very efficient and a good approximation of more complex (and computa-
tionally expensive) approaches. However, it is often criticized for recovering only one final tree
and poorly estimating large distances, producing large sampling errors. Two methods have been
independently developed to generate more than one tree with NJ. The approach proposed by
Kumar [216] generates not only the minimum evolution tree but also a number of trees “close”
to the optimum in each calculation cycle. A similar approach by Pearson et al. [304] keeps track
of multiple partial solutions by a more thorough sampling of the solution space.
The problem of poor distance estimation, e.g. in the case of very divergent sequences, has
been addressed by Gascuel [132]. The BIONJ algorithm modifies the NJ formula for updating the
branch lengths by using variances and covariances of the distances to calculate them. BIONJ has
been shown to outperform the original NJ algorithm when sequence divergence is high.
Additional criticism has been raised by Backeljau et al. [14]. The authors found that distance-
based methods in general can lead to tie trees (two ore more possible tree topologies). However,
computer simulations by Takezaki [394] showed that tie trees rarely occur if sequences have a high
divergence levels or if a large number of sites are used to infer a tree.
2.4.2 Minimum Evolution
The minimum evolution (ME) method uses the total sum S of all branch length estimates to score
a tree [201, 338, 339, 340]:
S =
2n−3∑
i=1
ti (2.9)
where n is the number of terminal nodes and branch lengths t are often calculated by the
least squares method based on the pairwise distances of the sequences. By testing all (plausible)
topologies, the tree minimizing S is chosen as the best (the ME tree).
One of the drawbacks is the amount of time needed to test all topologies. Thus, different
methods have been suggested to speed up the calculation of S and the least squares calculation
[54, 84]. Rzhetsky and Nei first calculate a NJ tree and use the “surrounding” topology to obtain
a first temporary tree [338, 340]. This tree is then employed in a subsequent search for an even
smaller score. The procedure stops if no tree with a smaller score is found.
Another downside is the possibility of negative branch lengths [201].
Gascuel et al. [133] noted that ME can produce inconsistent results if the branch lengths were
inferred by weighted least square or generalized least square.
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2.4.3 Maximum Parsimony
In maximum parsimony methods the topology that minimizes the total number of mutations in the
tree is chosen as the best, the most parsimonious, tree. Originally, parsimony has been introduced
for morphological data [155]. Many approaches for molecular data have been developed since
then, e.g. [120, 148, 206, 348, 352].
The basic principle behind parsimony is that, given a topology, at each site the number of
changes is calculated to describe the tree. The sum of changes is the score of the tree. By testing
all (plausible) topologies, the tree (topology) with the smallest score is determined. The score of
a tree is often referred to as its length. Thus, if we have n characters (sites), the length S of the
tree is the sum
S =
n∑
m=1
km (2.10)
of all required changes k along the tree.
The two most common variations of parsimony are Fitch parsimony [120] andWagner parsimony
[206, 247].
The idea behind Fitch parsimony is a postorder traversal through the given tree from the leaves
to the root (often called “downpass algorithm”) to assign a character value set to each node.
This is followed by a preorder traversal to find the optimal labeling of all inner nodes, based on
the possible character states.
The downpass algorithm:
1. To each leaf i assign its state set si containing its possible character states (values). Set
tree length = 0.
2. Go to the next inner node k for which sk is not yet defined, but for which the state sets of
its two children i and j (si and sj) are already known.
If si ∩ sj 6= ∅ then sk = si ∩ sj .
If si ∩ sj = ∅ then sk = si ∪ sj and increase tree length by 1.
The downpass algorithm finds the tree of minimum length. Now the optimal labeling of the
inner nodes can be obtained by the second step, the “traceback” or “uppass algorithm”.
The uppass algorithm:
1. Go to the next inner node k for which an optimal assignment xk is not yet known, but for
which this labeling is already known for its immediate ancestor m.
2. If xm is contained in the state set assigned to k in the downpass algorithm (sk), assign xm
to xk. Otherwise (including for the root node), arbitrarily assign any state from sk to xk.
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3. Stop, if all inner nodes have been processed. Return to step 1, otherwise.
In Fitch parsimony unit costs are assigned to all changes. However, certain characters may
be given a higher cost (positional or character weighting). This can be, for instance, useful to
account for the three codon positions or to assign less weight to a character that is considered to
be less informative (e.g. characters that seem to change very frequently).
Fitch parsimony was developed for non-additive characters. That is, the cost c(xy) of a change
from state x to y needs not to be the sum of the changes from state x to z and from state z to
y. However, the costs have to fulfill the triangle inequality:
c(xy) ≤ c(xz) + c(zy) (2.11)
Wagner parsimony has been developed for additive character states which are ordered (going
from one state to an other through an intermediate state). Thus, for a character having the states
x, y, and z, where z is the intermediate state, a change from state x to y has the same costs as
a change from state x to z plus a change from state z to y.
Both, Fitch and Wagner parsimony assume symmetric costs to transfer one character state into
another, i.e. c(xy) = c(yx). Dollo parsimony [111, 225] allows the gain of a character state only
once but the revert to an ancestral state can occur multiple times. The basic idea behind this is
that the gain of a character is much less likely than a loss.
If the data set contains no homoplasy (backward or parallel substitutions) and the number of
inspected sites is large, MP can be expected to recover the single “true” tree. Indeed it has been
shown that if (i) sequence divergence is low, (ii) the substitution rate is almost constant, and
(iii) number of examined sites is large, MP often produces better results than distance-matrix
methods [374]. In practice, however, these assumptions do not hold and MP methods have been
shown to lead to inconsistent results, see [360] and references therein.
As a result MP methods often produce more than one most parsimonious tree (MPT). These
equally parsimonious trees can be pooled and a consensus tree can be inferred. While many
different consensus methods have been proposed, see Bryant [52] for a good overview, the majority
rule consensus and strict consensus tree are two of the more popular ones. The majority rule
consensus tree contains all groups occurring in at least 50% of the MPTs. Whereas, the strict
consensus tree contains only those clusters found in all MPTs. In fact, arbitrary percentage values
are possible. Each node (or branch) is then labeled with the support given by the set of MPTs.
2.4.4 Maximum Likelihood
Maximum likelihood is a general method for the estimation of parameters in a model and the
testing of hypotheses based on these parameters. Therefore, the definition of the likelihood is
rather universal. It is defined as the probability of observing the data given the model parameters.
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Generally, in phylogenetic analyses likelihood is used to test hypotheses about the evolutionary
process and to estimate parameters in the evolutionary model for a given tree topology. A second
application is the estimation of the tree topology itself. Both, however, rely on the calculation of
the likelihood of a (given) tree. The latter application additionally involves estimation of different
parameters, such as branch lengths, to maximize the natural logarithm of the likelihood function
(= the log likelihood). The log likelihood of different trees under consideration is then used to
compare alternative hypotheses and generally the one with the best score is chosen. That is, the
maximum likelihood tree is the tree topology that yields the highest likelihood under the given
model.
While other definitions are possible, the data in phylogenetic reconstruction is usually a set
of aligned sequences (and a tree). To simplify matters, we focus here on nucleotide sequences.
Although the following definitions hold true for all other types of (discrete-character) sequence
data.
Given an alignment Am havingm sites and a tree T with branch lengths t, some assumptions are
generally made when the likelihood of T is calculated: (i) sites in an alignment evolve independently
and (ii) sequences in an alignment evolve independently.
The first assumption allows the calculation of the likelihood of the whole data set as the product
of the likelihood at each site i:
L =
m∏
i=1
P (Di|T ) (2.12)
where Di is the data observed at site i.
Equivalently, the log likelihood of the whole data set can be calculated as the sum of the log
likelihood at each site:
lnL = log(L) =
m∑
i=1
log(P (Di|T )). (2.13)
Hence, taken for example the tree and alignment given in Figure 2.1, the likelihood for site i is
the sum over all possible nucleotide combinations for the (extinct) ancestor:
P (Di|T ) = P (A,C,C,C,G, x, y, z, w|T )
=
∑
x
∑
y
∑
z
∑
w
(
P (x) P (y|x, t6) P (A|y, t1) P (C|y, t2)
× P (z|x, t8) P (C|z, t3) P (w|z, t7) P (C|w, t4) P (G|w, t5)
)
(2.14)
where P (j|i, t) is the probability that nucleotide i will become nucleotide j over branch length
t and P (x) is the probability to see nucleotide x at a random point during evolution. In practice,
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Figure 2.1: A tree with branch lengths representing an arbitrary alignment column. The tree is modified after
Felsenstein [117].
P (x) is often set to the equilibrium frequency of base x under an assumed evolutionary model.
All other probabilities are derived from the underlying nucleotide substitution model (see below).
Felsenstein introduced the pruning algorithm [114, 115] to economize the calculation of the
likelihood, using Horner’s rule [172]: moving the summation signs in Equation (2.14) as far right
as possible, gives
P (Di|T ) =
∑
x
P (x)
(∑
y
P (y|x, t6) P (A|y, t1) P (C|y, t2)
)
×
[∑
z
P (z|x, t8) P (C|z, t3)
×
(∑
w
P (w|z, t7) P (C|w, t4) P (G|w, t5)
)]
. (2.15)
Interestingly, the resulting pattern of parentheses matches the leaves of the tree in Figure 2.1:
(A,C), [C, (C,G)]. This is no coincidence. Indeed it represents the flow of computation from
the innermost parentheses outwards — a recursion that can easily be solved, using dynamic
programming. From Equation (2.15) also follows that the probability of everything at or below
node z (w.r.t. Figure 2.1) is the product of everything taking place in the two descendant lineages
of z. This is often called partial or conditional likelihood and can be defined as the probability
Lk(xk) to observe data at the nodes that are immediate descendants of node k, with the value
of k being xk (i.e. xk ∈ {A,C,G, T}):
Lk(xk) =
(∑
xl
P (xl|xk, tl)Ll(xl)
)(∑
xm
P (xm|xk, tm)Lm(xm)
)
(2.16)
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where k has daughter nodes l and m with branch lengths tl and tm. Thus, the two parts of the
tree below node k are independent. The equation can easily be adapted to multifurcating trees –
one has simply to include more factors on the right side of Equation (2.16). The initialization at
the leaves depends on the nucleotide observed there. For example, the values of the leaf at the
end of branch t3 in Figures 2.1 are:
(
Lk(A), Lk(C), Lk(G), Lk(T )
)
= (0, 1, 0, 0). (2.17)
After visiting all nodes below the root node, the calculation is completed by computing the
probability of data at this site by making an average over all four possible nucleotides, weighted
by their (prior) probabilities pix0 :
P (Di|T ) =
∑
x0
pix0L
0(x0). (2.18)
The prior probabilities are simply the equilibrium frequencies of base x0 under an assumed
evolutionary model.
The data vector Di in Equation (2.12) contains not only the alignment site i but also an
evolutionary model (substitution model) Q, which is essentially a rate matrix and allows the
calculation of the probability that nucleotide j will be found at the end of branch t, given nucleotide
i at the start of the branch, P (j|i, t) (the transition probability). The transition probability matrix
P can, in principle, be derived by calculating the matrix exponential of the substitution matrix
[270]:
P(t) = eQt (2.19)
Numerous substitution models of DNA evolution have been proposed, such as Jukes-Cantor (JC
or JC69) [192], Kimura80 (K80 or K2P (= Kimura two-parameter)) [203], Felsenstein81 (F81)
[115], HKY (= HKY85) [149], and GTR (general time-reversible) [220, 396]. Similar models have
been proposed for amino acid data, e.g. PAM (Point Accepted Mutation) [82] and WAG [435], and
codon evolution (LWL [233] and NG [283]). JC69 is the simplest DNA substitution model. Each
nucleotide has an equal chance of changing and does so with equal probability into one of the other
three nucleotides. JC69 as well as K80 assume equal base frequencies (piA = piC = piG = piT =
1
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),
whereas F81 and HKY allow unequal nucleotide frequencies. All of these models, however, are
time-reversible. Meaning, they satisfy:
piiP (j|i, t) = pijP (i|j, t) (2.20)
GTR is the most general time-reversible substitution model and all of the models mentioned
above are simplifications of it. To calculate the transition probability matrix P for the GTR model,
one has to decompose the rate matrix Q into
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Q = UΛU−1 (2.21)
where the columns in matrix U correspond to the right eigenvectors and in U−1 to the left
eigenvectors of Q and Λ is a diagonal matrix, containing the eigenvalues of Q:
Q = U


λ1 0 · · · 0
0 λ2 · · · 0
...
...
. . .
...
0 0 · · · λN

U
−1 (2.22)
Without going any further into detail (see [136, 200]), it is now possible to compute the
transition probability matrix:
P(t) = eQt = UeΛtU−1
= U


eλ1t 0 · · · 0
0 eλ2t · · · 0
...
...
. . .
...
0 0 · · · eλN t

U
−1 (2.23)
Thus, one has to compute the eigenvalues and eigenvectors only once and use them with
different branch lengths for a repeated calculation of P(t). This can be done for all symmetric
matrices Q. However, if Q is a general real matrix, i.e. not symmetric, the calculation of P is
only slightly more complicated [40, 117].
The approach presented above implicitly assumes a constant rate of one per unit branch length
at which all residues evolve. However, this is not always the case, see e.g. [71, 359] and references
therein. In fact, some sites even seem to stay constant (invariant or invariable sites [149]). Several
approaches to model rate variation have been developed. One is the distinction of several rate
categories (discrete-rates model or finite-mixture model) where each site has a probability to fall
into one of several categories.
Alternatively, a continuous distribution can be used to model variable rates. One of the most
common distributions is the gamma distribution, introduced by Yang [448]. It is also possible to
approximate the continuous gamma distribution by a discrete model [449].
Even more sophisticated models have been developed to infer the evolution of codons that
allow different ratios of nonsynonymous/synonymous substitution rates among branches (branch
models [451, 453], among sites (site models) [285, 452], and a mixture of both (branch-site
models) [454, 461].
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Part I
Characters derived from Mitochondrial
Genomes
33

Chapter 3
Annotating Metazoan Mitogenomes
3.1 Introduction
3.1.1 Metazoan Mitochondrial Genomes
Metazoan mitochondrial genomes (mitogenomes) are usually single closed-circular, double-stranded
molecules. A known exception are the mitogenomes of Medusozoa (Cnidaria excluding Antho-
zoa) which are linear and sometimes subdivided into two or possibly more different molecules
[45, 107, 427]. The rotifer Brachionus plicatilis contains two circular chromosomes [386].
Metazoan mitogenomes are on average 16,500nt long with extreme values such as 43,079nt
(Trichoplax adhaerens, NCBI Acc. No. NC 008151). Typically, they contain 13, mostly intron-free,
protein coding genes, 22 tRNAs, and two rRNAs (12S and 16S). Some duplication and deletion
events are well documented, see e.g. [127, 347]. Hexactinellida and Demospongiae (Porifera)
additionally contain an atp9 gene.
Hence, they are very compact and possess only few non-coding regions. Both strands are
transcribed as polycistronic RNAs, which are then processed to release the individual mRNAs,
tRNAs, and rRNAs (tRNA punctuation model [295]).
35
36
(a) Mitogenome of A. mellifera ligustica (b) Mitogenomes of E. telfairi
Figure 3.1: Mitogenomes of (a) Apis mellifera ligustica (NC 001566, image by Wilfried Berns and licensed under
the license cc-by-sa) and (b) Echinops telfairi (NC 002631, image is released to the public domain). Although both
organisms contain the same set of genes, the gene order, here arranged to start with cox1, differs quite considerably.
mtviz (http://pacosy.informatik.uni-leipzig.de) was used for drawing the genomes.
Usually one strand contains more purines (adenine and guanine) which are heavier than pyrim-
idines (cytosine and thymine). Consequently, this strand is called the “heavy strand”, or H-strand,
whereas the opposite strand is named the “light strand”, or L-strand.
Mammals possess one small and one large non-coding region [118]. The large region, also
called control region, contains the H-strand origin of replication (OH) [135] and promoters for
heavy strand transcription (heavy strand promoter, HSP) and light strand transcription (light
strand promoter, LSP) [393]. The smaller non-coding region contains the origin of light-strand
replication, OL). Newer studies in mouse suggest the existence of more than one origin on the
L-strand [50].
Within the control region the D-loop (displacement loop) occurs. This region is therefore often
called D-loop region (“A+T-rich region” in insects) [196]. The D-loop is a short DNA/RNA
hybrid originating at the OH which forms by displacing the heavy and the light strand (see below).
The D-loop is the most variable region of the mitogenome and differs considerably in sequence
and size among species. It contains some conserved elements, known as CSBs (conserved sequence
blocks), and the termination-associated sequences (TAS) which are usually highly variable. The
CSBs are known to function as binding sites for mitochondrial transcription factors [12]. At the 3’
end of the CSB domain often a variable number of tandem repeat (VNTR) or microsatellites can
be found. The TAS is a regulatory sequence and generally believed to terminate D-loop strand
synthesis [89].
As an initial process of mtDNA replication, the D-loop is formed through synthesis of a D-loop
strand displacing the H-strand and L-strand. The D-loop strand extends from the CSB region
and is complementary to the L-strand (therefore, identical to the H-strand). This D-loop strand
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comes to a rest after termination downstream of the TAS [89] prior to its putative role as primer
for H-strand synthesis. Consequently, the D-loop region is triple stranded and the resting D-loop
strand is competing with the H-strand for binding to the L-strand.
Mitochondrial genomes have been proposed to be useful to reconstruct phylogenetic trees [37,
38] for a number of reasons: (1) They possess a unique mode of inheritance, which in Metazoa is
generally maternal (but see [163]). (2) They exhibit a high mutation rate. The mean evolutionary
rate in mitochondrial genomes is about 10 times higher than in the nuclear genome [51]. (3) They
have a well defined set of genes which makes them suitable for genome rearrangement studies
[37], see Figure 3.1 and Section 2.2.2. In addition, (4) the D-loop region can contain markers (e.g.
VNTRs) for analyses of population-level variability and molecular phylogenetics, e.g. in Perciformes
(perch-like fishes) [66, 145] and Anura, see Chapter 4.
Their utilization, however, depends on a thorough annotation of orthologous genes. In the
following a method is described that presents a solution to that problem.
3.1.2 De novo Annotation
A reliable and standardized mitochondrial genome annotation is the prerequisite for all systematic
downstream analyses, including phylogenetic reconstruction, studies of the mechanisms of genome
rearrangements, and the investigation of the effects of sequence variation. Despite their moderate
size and largely conserved gene complement, however, mitogenome annotation is still the result
of extensive manual “expert curation”, and is based on a large number of different tools. This
approach comprises a number of problems: (i) tools used in older annotation may be outdated, i.e.
improved methods are already available, (ii) sequences used as basis for homology annotation can
be either wrong or incomplete, and (iii) no generally accepted guidelines exist for the annotation.
Among others, these problems have been identified before [36].
The NCBI RefSeq [314] constitutes the most up-to-date source for mitochondrial genomes
and their annotation. With the advent of high-throughput sequencing techniques sequencing of
complete (mitochondrial) genomes became more feasible. As a result, the RefSeq database grew
rapidly during recent years (see Figure 3.2). Despite the efforts made by RefSeq and its curators to
improve the quality of the data, however, annotations are highly inconsistent and contain numerous
errors: Wrong or missing strand annotation, obviously erroneous gene designations, missing gene
annotations, L1/L2 and S1/S2 identities erroneously switched, and no consistency in gene names
(see Tables 3.1 and A.1 for selected examples). Consequently, automated retrieval of RefSeq
annotations for computational analyses is nearly impossible and, contrary to the intentions behind
RefSeq, requires a vast amount of inspection by eye.
Boore [36] suggested a number of possible solutions to overcome these problems: Systematic
error screening, standardization of gene names, anticodon labeling of tRNAs, standards for gene
and gene boundaries designation, and standards for accepting the reality of a gene assignment.
De novo annotation with a consistent set of methods can be added to this list as a promising
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Figure 3.2: Overview of the number of new submissions of metazoan mitochondrial genomes to RefSeq and its
overall size since its first release in 2003.
alternative.
Table 3.1: Problems in RefSeq and selected examples. See also Appendix Table A.1.
Type of problem Accession (– gene) Notes
Wrong annotation NC 006893 – l-rRNA 1..17,202
NC 012453 – s-rRNA 1,224..1,244
NC 010300 – tRNA-Met 3,916..1,3847
NC 013632 – ND2 4,070..4,112
NC 013632 – ND3 9,723..9,762
Ambiguity NC 001453, NC 001643, additional annotation as tRNA-Sec
NC 002008, and
NC 006853 – tRNA-Trp
NC 013810 – COX1 gene has product “cytochrome c oxi-
dase subunit III”
NC 013881 – COIII gene has product “cytochrome oxi-
dase subunit II”
Different designations cox3 CO3, COX3, COIII, CoxIII
rrnS 12S ribosomal RNA, rns, rrns, rnr1,
Rnr1, RNR1, srRNA, ssu
3.1.3 Related Work
Only few attempts have been made to challenge the task of reliable and standardized mitochon-
drial genome annotation, all based on the selection of user-defined cut-off values and manually
improvement of the predictions. Thus, comprehensible results are not easy to obtain as each user
can “tweak” the outcome of his annotation. DOGMA [442] is an automated method for the de
novo annotation of mitochondrial and chloroplast genomes. It uses BLAST to predict coding and
non-coding genes. In case of tRNAs COVE1 is employed to identify candidates based on secondary
structure. However, for rRNA annotation only sequence similarity is utilized. Using DOGMA needs
considerable manual interaction and knowledge by the user of how to choose the different cut-off
1http://selab.janelia.org/software.html
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Figure 3.3: Left: a BLAST hit: start and end of the hit in query (sq, eq) and target (st, et) sequence and the relative
query position pq and its corresponding position in the target pt. Right: generation of initial predictions: lines on
the bottom depict the BLAST hits (the region in the target sequence), the shaded area shows the sum of BLAST
hits per position. Parts removed due to the cut-off are shown in light gray.
values. DOGMA does not offer widely used annotation formats, such as GFF, and does not seem
to be maintained anymore. MOSAS’ [366] focus lies on sequence data organization and annota-
tion of mitochondrial genomes of insects. For tRNAs annotation ARWEN [224] and tRNAscan-SE
[241] are employed for which a cut-off value has to be provided by the user. Proteins are found
through open-reading-frame detection (the assumption of the invertebrate mitochondrial genetic
code can not be changed) and a BLAST search against a local insect database. The sliding window
BLAST which is used for rRNA annotation needs subsequent manual refinement.
Furthermore, specialized databases provide improved mitogenome annotations via different ap-
proaches. None of these allow for de novo annotation. METAMiGA (formally known as AMiGA)
[113] is a frequently updated platform for genome organization of metazoan mitochondrial genomes
but offers no annotation facilities. GOBASE’ [292] attempt to improve genome annotation is only
focused on existing NCBI entries. OGRe [181] stores genome annotations of the NCBI and gene
order information, incorporating some manually improved annotations. Lately, with MitoZoa [245]
a new data base was introduced, which implements a systematic semi-automatic error screening
using a list of rules (tRNAscan-SE, ARWEN, and BLAST) and expert knowledge.
3.2 Materials and Methods
The scope of MITOS is the reduction of user interaction to a minimum. Thus, one only has to
provide a sequence file in FASTA format and choose the appropriate genetic code. The annotation
pipeline employs the approaches described in the following.
3.2.1 Protein Homology Search
Extraction of reference amino acid sequences. With the help of a self developed parser
written in Python the amino acid sequences of all annotated proteins were extracted from the
GenBank files found in the original RefSeq 39. The amino acid sequences were taken from the
translation property of the CDS features. These sequences serve as the basis for the de novo
annotation.
40
Similarity Search. In order to annotate one of the protein coding genes in a given mitogenome
a BLASTX search is performed. That is, a set of hits is generated by blasting the amino acid
sequences extracted before against the nucleotide sequence to be annotated. Each of these hits
is characterized by its start and end position in the query (sq, eq) and target sequence (st, et) and
its quality (− log10(E-value)). For a given hit the relative query position pq of a position pt in the
target sequence t is the corresponding position in the query sequence q, i.e. a position with
pq − sq
eq − pq =
pt − st
et − pt (3.1)
(see Figure 3.3).
In the following, only hits with a quality ≥2 are considered.
The hits for one of the genes in one of the reading frames of the target sequence are combined to
initial predictions, i.e. consecutive stretches of positions in the target sequence which are included
in at least one hit. Thus, each position of the initial prediction is included in a certain subset of
the contributing hits. The sum of the corresponding quality values is the quality at position p.
The relative query position at position p in the target is given as the average of the relative query
positions with respect to the hits that contributed to p. Positions supported by to few hits, i.e.
positions with a quality of less than 50% of the maximum quality over all positions contributing
to the respective hit, are removed from the initial prediction.
In the following an initial prediction is represented by (i) its start and end in target and query
(i.e. the first and last positions of the initial prediction in the target sequence and the corresponding
average relative query positions) and (ii) its quality given by the sum of the quality values at the
included positions.
Overlapping initial predictions. The initial predictions are created separately per gene and
reading frame of the target sequence. Not surprisingly, we frequently observe conflicting annota-
tions with considerable overlap. Clearly, this is not desired for the final predictions. In order to
obtain a non-overlapping subset with high quality, initial predictions are sorted with respect to
their quality value and added greedily if they do not overlap with an already added prediction.
Two hits are said to overlap if one covers the other by more than 20%.
Joining final predictions. For each gene the resulting set of predictions are checked whether
they contain duplicates or parts belonging to the same transcript (frameshift or splicing). Two
predictions are assumed to be parts of the same transcript if their relative query ranges do not
overlap (i.e. one of the query ranges covers the other by ≤ 20%) and their quality differs by less
than a factor of 10. Otherwise they are assumed to be parts of different transcripts, i.e. copies
(see Figure 3.4).
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Figure 3.4: Illustration of the decision method if two predictions are copies or parts of the same transcript; Left.:
hit1 and hit2 are duplicates; Right: hit1 and hit2 constitute parts of the same transcript.
Improvement of start and end position. Start and stop codons are not always found by the
above strategy. In order to improve the 5’ and 3’ ends of the predictions the proximity of the
results obtained by BLAST is searched for complete start and/or stop codons and the positions
are adapted accordingly. If a stop codon is found to be within the region were a start codon is
searched for, searching is limited to the region downstream of the stop codon.
3.2.2 Non-coding RNA Annotation
tRNAs. For the annotation of the tRNAs we use the strategy presented in Ju¨hling et al. [191].
In brief, starting from an initial set of tRNAs obtained by scanning all available metazoan mi-
togenomes of the NCBI RefSeq 39 with both tRNAscan-SE and ARWEN, duplicates were removed
and sequences were sorted according to their corresponding amino acid as defined by their anti-
codon.
Both, leucine and serine tRNAs, can be divided in two groups each (L1/L2 and S1/S2, respec-
tively). In the case of serine the two groups are very different and can easily be distinguished by
their anticodon. For the leucine tRNAs, however, multiple duplication/deletion events occurred
throughout metazoan evolution, in which remolded Leu-UUR tRNA genes have taken over the
role of isoaccepting Leu-CUN tRNAs [159, 318]. This makes it impossible to determine orthology
by the anticodon alone. Hence, initially the leucine tRNAs were treated as a single set.
As a result 21 alignments were created, using ClustalW and the NCBI taxonomy2 as a guide
tree, which lead to an overall improvement of the alignments. Extensive manual curation was
required to rearrange poorly aligned sequences and to exclude likely false-positives, however.
Alignments obtained by this procedure were used to build a first set of covariance models, using
Infernal (version 1.0.2) [282]. For the leucine tRNAs two separate covariance models were cre-
ated, one for the ancestral Leu-CUN and one comprising Leu-UUR as well as all their remodeled
descendants. This was done by calling the integrated --ctarget option of Infernal which leads
to the identification of a cutoff percent identity threshold that partitions the alignment into a
desired number of clusters and builds a separate covariance model from each cluster.
The complete collection of metazoan mitogenomes found in RefSeq 39 was then scanned again
with the 22 preliminary models obtained by this procedure. The resulting new set of predictions
was aligned, using Infernal and the covariance models of the corresponding tRNA family. Again,
2www.ncbi.nlm.nih.gov/sites/entrez?db=taxonomy
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Figure 3.5: The mt-tRNA annotation pipeline. See text for further details. Image modified after Ju¨hling et al. [191].
manual editing lead to a noticeable improvement of the structural alignments. Although Infernal
already implements strategies to compensate for biased sampling, we excluded nearly identical
sequences and retained only a subset with approximately uniform phylogenetic distribution in the
final seed alignments, which, depending on primary sequence conservation of the tRNA family,
consisted of 33 to 69 sequences. From these, the final 22 covariance models were built and
calibrated, which allows us to obtain E- and p-values. Our annotation pipeline employs these final
models to identify tRNAs in two subsequent searches, using cmsearch of the Infernal package.
In a first annotation round the top 22 tRNA hits are sought after without applying a cutoff
value. Since mitochondrial tRNAs of the different families are distant homologs of each other, a
search with one covariance model typically not only recognizes members of the tRNA family on
which it was trained but also reports several other tRNA genes. Therefore, a thorough evaluation
is necessary for a comprehensive annotation of tRNA genes. This is achieved in several steps, see
Figure 3.5.
For all Infernal-hits, we attempt to predict an anticodon. Thus, we evaluate the number of
interior stems and the length of the loops. In case of only two predicted interior stem loops, i.e. in
the case of tRNAs which lost a secondary domain such as the D-domain or the T-domain, stem
loops are searched for single stranded regions with a size of seven nucleotides. (a) If only one
loop has this expected size, it is interpreted as the anticodon loop. (b) If both loops have seven
unpaired nucleotides, the loop closest to the mean of the sequence is regarded as the anticodon
loop. (c) If no loop containing exactly seven nucleotides is found at all, also a loop size of nine
is considered. If no candidate for an anticodon loop can be found according to these rules, the
tRNAs receives no anticodon label and is tagged only with the amino acid of the covariance model
that found this hit.
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Typically the covariance model for a specific tRNA family also recognizes several other tRNA
families, albeit with different E-values. We accept a hit as unambiguously identified if the covari-
ance model matching with the smallest E-value is also the best match for this specific model. In
practice, this rule disambiguates multiple hits of different models at the same genomic location.
After this first round of accepting hits according to their identity, we try to annotate copies of
tRNA genes in the remaining genomic locations, using the previously determined cutoff value of
E=0.001 [191].
rRNAs. The annotation of the small and large ribosomal RNAs is based on a strategy similar to
the tRNA prediction. Ribosomal RNAs are highly structured molecules, with large parts exhibiting
very strong conservation in their base pairing patterns [160, 439]. Thus, rRNA sequences vary to
a much greater extent than their secondary structure. To utilize the structural conservation initial
covariance models based on hand-curated and structurally annotated alignments of well known
metazoan rRNA sequences from the European ribosomal RNA database [441] were created for
each rRNA family. To include more sequence variation the models were enhanced by adding RefSeq
annotations to the initial alignments. Most of the rRNA genes found in RefSeq mitogenomes are
the result of rather simple-hearted annotation (i.e. almost 80% are simply annotated as adjacent
to their two flanking genes). Hence, extensive manual curation of the results was required. After
realigning the cleaned sequences, we selected a seed alignment from which very similar sequences
were omitted to avoid overfitting. A second model-building step then resulted in the final rrnS
and rrnL rRNA covariance models. These models are employed in Infernal (glocal and local
search) for a plausible (structural) annotation of mitochondrial rRNAs.
3.2.3 Final Annotation Procedure – MITOS
At first, initial predictions for protein, tRNA, and rRNA encoding genes are obtained according to
the methods described above. The final annotation of a given genome is based on these candidate
genes and inferred by the following procedure. In a first round the best candidate is chosen from
each gene family, prioritizing proteins, tRNAs, and finally (glocal) rRNAs. This is motivated by
the fact that metazoan mitochondrial genomes usually have a single copy of each gene. In case a
glocal rRNA hit has a conflicting overlap with a protein-coding gene or a high-scoring tRNA, local
rRNA hits are annotated. Thus, MITOS is able to annotate rare cases of fragmented rRNAs (e.g.
in T. adhaerens) and rRNAs with very diverse secondary structure not covered by the complete
model. In a second round potential gene copies are determined. Therefore, we sort the remaining
candidate genes by the quotient of the quality and the quality of the best representative per gene
family (for ncRNAs the reciprocal of the E-value is used instead of the quality). In a final step,
local rRNA hits, if any, are merged if their respective position is in agreement with the employed
covariance models. For the final annotation we allow overlaps of up to 35nt. For rRNA and
tRNA also larger overlaps are allowed as long as the tRNA is not included in the rRNA.
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Figure 3.6: MITOS workflow. Initial protein predictions are determined, using BLASTX and a local protein database.
This includes the identification of copies, fragmented genes, and correct start and stop codons. Next covariance
models are employed in ncRNA (tRNAs and rRNAs) detection. The final annotation consists of a conflict-free set
of gene predictions.
3.2.4 Nomenclature
For the assignment of gene names we follow the guideline suggested by Boore [36]. tRNA-
encoding genes are named in lower case with the one letter code for the corresponding amino acid
and the anticodon appended in parentheses (e.g. trnF(gaa) for tRNA phenylalanine). Likewise,
protein-coding genes and ribosomal RNAs are named in lower case with the ribosomal subunit
indicated by a single upper case letter (i.e. rrnS and rrnL for small and large subunit ribosomal
RNA, respectively, see also Appendix Table A.2).
3.2.5 Validation Data sets
For the empirical evaluation of the annotation quality of MITOS three data sets were used: (i) a
positive validation data set, comprising the sequences and annotations of metazoan mitogenomes
which are new in RefSeq 44 when compared to RefSeq 39 (203 mitogenomes). (ii) Two negative
test sets, one consisting of dinucleotide and one of trinucleotide frequency preserving permutations
were created from the sequences of the positive validation set.
Currently, no shuffling algorithm is available that accounts for the simultaneous preservation of
di- and trinucleotide frequency of a sequence. Using a realistic shuffling, however, is a precondition
to assess the significance of a prediction method [13, 134]. Ignoring the trinucleotide frequency
in a shuffled sequence would have impact on the protein annotation strategy, which relies on
a correctly determined genetic code, and could lead to unrealistic short open reading frames.
Dinucleotide contributions, on the other hand, are a key determinant for the stability of RNA
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secondary structures [126, 405] (see also Section 4.4) and it has been shown that neglecting the
genomic dinucleotide content has a dramatic effect on ncRNA detection methods [13, 406, 440].
Additionally, in order to develop means to rate the found quality values of the annotated pro-
teins, we carried out a series of experiments. For each protein coding gene of RefSeq 39 we
determined the initial hits and their quality for (i) ten trinucleotide frequency preserving permu-
tations of the genomic sequences, (ii) the genomic sequences without the respective gene, and
(iii) the original sequences.
3.3 Results and Discussion
3.3.1 MITOS Pipeline
MITOS results on the validation data sets and interpretation of protein quality values.
We validated the predictive power of MITOS on all 203 genomes found in RefSeq 44 that were
not included in RefSeq 39. For each of the genes predicted by MITOS we define the corresponding
RefSeq annotation as the gene that shares the most positions but at least 50% with the prediction.
Pairs of MITOS predictions and corresponding RefSeq annotations identified by this definition are
differentiated in the following classes: A pair is denoted as equal if they are of a common type
and are located on the same strand. If they only share their type but one of the genes is found
on the opposite strand, the gene is marked as having a strand difference. Corresponding pairs
belonging to different gene families are marked as different. Note, that a pair of corresponding
genes with different type is counted twice by this approach, i.e. once for each of the two respective
gene families. We consider MITOS predictions with no corresponding RefSeq annotation to be
false positives (FP) and RefSeq annotations without a corresponding MITOS predictions false
negatives (FN).
Overall, the results show that MITOS yields high quality annotations of mitogenome sequences
which have not been used during the development of its methods, i.e. training data, see Tables 3.3
and A.3.
The high number of genes with a different type is in most cases caused by the serine and
leucine tRNAs, see Table 3.2. That is, 123 missing differentiation and 29 wrong typification
explain 304 (each pair of corresponding genes with different type is counted twice) of the reported
discrepancies for tRNAs.
Two proteins were found to be located on a different strand (nad3 and atp8 of Platevindex
mortoni (NC 013934)). A closer inspection indicated that both are correctly annotated by MITOS.
The same holds for the single rrnS which is also annotated on the wrong strand in P. mortoni.
MITOS’ results on the permuted validation data sets show that scores of correct annotations
are clearly distinguishable from random hits, except for atp8 (see Appendix Figure A.2). atp8 is
the shortest protein coding gene in the mitogenome with an average length of 161nt (201 atp8
genes) in the positive validation set. The randomized data still yields 126 (dinucleotide shuffling)
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Table 3.2: Reclassification of leucine and serine tRNA families annotated in RefSeq 44, excluding RefSeq 39. 123
differentiations are missing, while in 29 cases a false typification could be detected.
tRNA gene
MITOS RefSeq #cases
L1 L 28
L2 L 30
L1 L2 14
L2 L1 13
S1 S 33
S2 S 32
S1 S2 2
and 133 (trinucleotide shuffling) atp8 genes with an average size of 122nt and 118nt, respectively.
The low number of false positive hits for other genes (e.g. for cox1 and cox2 MITOS does not even
predict a single gene within the shuffled sequences) in combination with the annotation strategy
of MITOS, however, reduce the possibility of high scoring random hit.
Table 3.3: Overview of re-annotation results of the genomes included in RefSeq 44 but not RefSeq 39. See text for
details. A gene-wise overview can be found in the Appendix Table A.3. Strand diff = prediction of the respective
gene on the opposite strand. FP = False positives. FN = False negatives.
Gene Equal Strand diff FN FP Different gene
tRNAs 4,153 19 59 59 389
rRNAs 430 1 11 1 31
Proteins 2,637 2 2 62 54
RefSeq 39 vs. MITOS. The overall good performance of MITOS and its ability to identify false
annotations, motivated us to employed our pipeline in a re-annotation of the complete RefSeq 39
(1,878 mitogenomes).
Table 3.8 gives a detailed overview of the results obtained from MITOS which are in an overall
good agreement with the annotations found in RefSeq 39. A number of discrepancies are obvious,
however. While strand differences to RefSeq annotations are found for more than 350 tRNAs and
some rRNAs, none were found for protein coding genes. The major fraction of the differences
annotated by MITOS is caused by the L1/L2 and S1/S2 tRNA genes which are either missing or
wrongly annotated in RefSeq.
To be precise, the missing differentiation of the leucine and serine tRNAs is found in 242 and
252 cases and the wrong typification in 144 cases, see Table 3.4. Overall, 1,276 tRNAs (2 ×
638, corresponding tRNAs with different type are counted twice, see above) are affected by this
type of error. MITOS is not able to confirm the annotation of almost 600 tRNAs but finds more
47
Table 3.4: Reclassification of leucine and serine tRNA families annotated in RefSeq 39. 494 differentiations are
missing and 144 cases of false typification could be detected.
tRNA gene
MITOS RefSeq #cases
L1 L 118
L2 L 124
L1 L2 20
L2 L1 20
S1 S 126
S2 S 126
S1 S2 51
S2 S1 53
than 300 previously unannotated tRNAs. Given the predictive power of the mt-tRNA covariance
models [191] and the fact that tRNAscan-SE is one of the most commonly employed tools for
metazoan mitochondrial tRNA annotation but was not originally intended for such a task, it is
likely that these results are indeed an improvement of the RefSeq annotations.
In numerous cases MITOS predicts rRNAs which are annotated to short in RefSeq, e.g. the rrnL
gene in Anoplophora glabripennis (NC 008221; RefSeq: 12,782-12,547; MITOS: 13,589-12,540),
or previously not annotated, e.g. the missing rRNA genes in three Echinodermata (Luidia quinalia
(NC 006664), Asterias amurensis (NC 006665), and Astropecten polyacanthus (NC 006666))
which are predicted as reported by Perseke et al. [306] but with slight differences in the exact start
and end positions, see Table 3.5.
Table 3.5: Predictions of rrnS and rrnL genes in three Echinodermata by MITOS. On the left hand side of each
prediction the annotation by Perseke et al. [306] is given.
Perseke et al. MITOS
Acc. No. Gene Start Stop Strand Start Stop Strand E-value
NC 006664 rrnS <14,529 >15,412 + 14,527 15,415 + 4.985e-39
rrnL >15,556 <1,212 - 15,987 950 - 7.730e-14
NC 006665 rrnS >13,285 <14,177 + 13,282 14,178 + 3.252e-39
rrnL >14,325 <24 - 14,814 16,427 - 1.765e-20
NC 006666 rrnS >14,912 <15,812 + 14,910 15,810 + 1.316e-37
rrnL >15,956 <1,696 - 81 1,682 - 1.455e-23
The protein homology search implemented in MITOS allows for an identification of gene copies
and fragmented genes (parts and frameshifts). A frameshift in a coding sequence introduces a
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distance not a multiple of three between the translated regions, see Figure 3.7. Whereas parts
of fragmented protein coding genes and copies have a higher distance and can also be found
in-frame. Most of the frameshifts found in RefSeq 39 are annotated within nad3: 82 in Aves and
22 in Testudines (turtles) [267]. MITOS predicts all but a single frameshift in birds (NC 003712).
All of the nad3 frameshifts in turtles are confirmed by MITOS, however, including three previously
unannotated ones (NC 001947, NC 009509, and NC 011516, data not shown).
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Figure 3.7: Frequency and distance of protein coding genes annotated by MITOS and not found in a unique
contiguous open reading frame.
There are only few examples of genes with multiple coding exons in metazoan mitochondrial
DNA, one being T. adhaerens (NC 008151). Comparison of the cox1 and nad5 predictions by
MITOS are in large agreement with the RefSeq annotations, apart from the precise start and end
positions and two very short (47nt and 11nt) fragments (see Table 3.6).
Table 3.6: Comparison of the nad5 and cox1 exon annotation of T. adhaerens found in RefSeq 39 (NC 008151)
and the prediction of MITOS.
RefSeq MITOS
Gene Start Stop Strand Start Stop Strand Quality [·10−6]
nad5 12,318 13,106 + 12,423 13,113 + 39.4
13,853 15,099 + 13,857 14,292 + 26.6
cox1 7,574 8,045 - 7,598 8,051 - 27.1
(copy 1) 8,733 8,996 - 8,733 8,994 - 15.5
9,990 10,037 -
25,201 25,587 + 25,201 25,597 + 37.7
26,043 26,300 + 26,011 26,362 + 18.7
cox1 29,254 29,331 + 29,244 29,331 + 1.0
(copy 2) 31,941 31,952 +
41,413 41,506 + 41,414 41,513 + 0.6
The rrnL gene of T. adhaerens is annotated as split in three parts. MITOS predicts not only
a split of the rrnL but also the rrnS gene. However, for each gene only one predicted fragment
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Table 3.7: Comparison of the rrnS (top) and rrnL (bottom) exons of T. adhaerens (NC 008151). Each block gives
the RefSeq annotation (left) and the MITOS predictions (right).
RefSeq MITOS
Gene Start Stop Strand Start Stop Strand E-value
rrnS 19,868 20,686 + 0.5981
21,343 23,379 + 21,907 22,759 + 2.179e-07
31,139 31,885 + 0.1979
rrnL 1 1,007 +
17,666 19,460 + 18,222 19,598 + 1.127e-04
20,961 21,100 +
27,236 28,610 + 0.4565
overlaps with the RefSeq annotation (see Table 3.7).
3.3.2 MITOS Webserver
We have set up a web-service written in Python that implements the presented pipeline and
allows the de novo annotation of whole metazoan mitochondrial genomes3. A major focus in
the development of MITOS lies in a minimum of manual interaction. Therefore, after uploading
his sequence in FASTA format, the user simply has to select the appropriate genomic translation
code, see Figure 3.8. If all resources are already in use, the job will be put in a queue which also
gives the possibility to delete a job from the waiting list. Once the genome is being processed
the user will be redirected to a page where the final results can be found. Upon completion of
the analysis a notification and a link to the final results will be sent to the users email-address, if
provided.
The results page gives a tabular overview of the predictions (Figures 3.9a and 3.9b), a visual
representation, that is also available for download (Figure 3.9c), and links to a variety of commonly
used file formats containing the annotation: BED, GFF, FASTA, and Sequin format. Additionally,
a file containing the gene order (for genome rearrangement analyses) is available. The MITOS
webserver provides a help page, the quality value distributions, and a tutorial that guides the user
through the annotation of an example sequence.
Assessing MITOS’ gene predictions. As shown above, MITOS’ results on the permuted vali-
dation data sets are clearly distinguishable from scores of correct annotations. We therefore provide
quality value distributions with MITOS for (i) the initial hits found for the 13 protein coding gene
families in the mitogenomes of RefSeq 39, (ii) the sequences without the corresponding genes, and
(iii) the trinucleotide frequency preserving permutations. These plots (see Appendix Figure A.3)
3http://mitos.bioinf.uni-leipzig.de/
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Table 3.8: Overview of re-annotation results of RefSeq 39. Note that corresponding pair with different type are
counted twice. Strand diff = prediction of the respective gene on the opposite strand. FP = False positives. FN =
False negatives.
Gene Equal Strand diff FN FP Different gene
trnA 1,777 19 33 10 32
trnC 1,765 27 34 14 27
trnD 1,774 4 16 10 42
trnE 1,759 37 25 13 21
trnF 1,794 6 35 23 11
trnG 1,816 2 23 12 44
trnH 1,809 1 21 4 41
trnI 1,791 8 29 12 48
trnK 1,781 5 49 15 24
trnL1 1,666 9 14 15 171
trnL2 1,672 4 12 11 194
trnL - - 6 - 244
trnM 1,907 5 18 18 55
trnN 1,776 23 34 13 18
trnP 1,743 64 17 14 21
trnQ 1,758 51 26 13 25
trnR 1,823 1 20 16 15
trnS1 1,607 4 20 23 252
trnS2 1,580 35 27 15 258
trnS - - 8 - 256
trnT 1,794 10 24 18 27
trnV 1,786 4 40 11 26
trnW 1,836 6 20 11 43
trnX - - - 2 4
trnY 1,760 31 40 13 56∑
38,774 356 591 306 1,955
rrnS 1,880 9 13 63 26
rrnL 2,215 15 37 13 131∑
4,095 24 50 76 157
atp6 1,901 - 5 20 22
atp8 1,772 - 15 79 60
atp9 25 - - - -
cob 1,880 - 4 18 7
cox1 1,909 - 18 19 9
cox2 1,878 - 8 19 8
cox3 1,888 - 6 9 7
nad1 1,879 - 8 12 21
nad2 1,884 - 8 73 52
nad3 1,985 - 7 12 22
nad4 1,896 - 5 48 79
nad4L 1,868 - 9 21 25
nad5 1,925 - 3 56 101
nad6 1,888 - 4 42 35∑
24,578 0 100 428 448
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Figure 3.8: Screenshot of MITOS’ submission page. All the user has to provide is the respective genome in FASTA
format and the appropriate genetic code. Name and email address are optional.
(a) (b)
(c)
Figure 3.9: Some details of the result page. (a) and (b) show the top and the bottom part of the tabular overview
of the results. (c) depicts an exemplary visual representation. A complete view is given in the Appendix Figure A.1.
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enable the user to assess the protein annotations by MITOS. As pointed out above, we do not
apply a general cutoff value, in order to enable the detection of degenerated duplication fragments.
This, in turn, could increase the possibility of false positive hits. For most of the genes, however,
there is a clear separation of the quality values found for the original and in pseudogene sequences.
Quality values differ strongly not only between the respective gene families but sometimes even
with the same gene family. An automated interpretation of the quality values, as might be desired
by some users, is difficult by the large, family specific differences.
3.3.3 Limitations and Outlook
In a seminal paper Boore [36] advised numerous requirements for an organelle genome database.
Among other things, he suggested: (1) a standardization of gene names, (2) the labeling of
tRNAs with their anticodon, (3) the standardization of the format for designating genes, (4) the
establishment of standards for designating gene boundaries, (5) the development of standards for
accepting the reality of a gene assignment, (6) a systematic error screening, (7) the incorporation
of information on RNA editing, and (8) the automating of sequence alignments and phylogenetic
analyses.
While the approach presented above allows for an implementation of points 1–3 and 6, a
realization of the remaining suggestions seem to be rather difficult.
Setting standards for gene boundaries and for accepting the reality of a gene assignment is
not as easy at it seems [313, 376]. Although numerous examples of single sequenced genes can
be found, existing mitochondrial gene annotations are mostly based on homology search. Recent
results suggest, that there is still little known about the transcription and translation machinery of
mitochondrial genes (see below). Furthermore, multiple gene containing open reading frames and
polycistronic transcripts are quite common [35] and raise the question of the correct assignment
of start and stop codons of overlapping genes. Taken all this into account, a standard based on
current knowledge would reflect only a minority of actual gene assignments and seems not feasible.
Mitochondrial RNA editing [182, 404] is not detectable on a pure genome sequence level but
relies on the incorporation of transcriptomics data. Such data, however, is still rare and a thorough
analysis is not in the focus of MITOS.
Even though current methods allow for an automated phylogenetic analysis of homologous se-
quences, the value of such an approach seems questionable. The variety of available alignment
and tree reconstruction algorithms and the problem of choosing an appropriate evolutionary model
needs manual interaction by the user. In addition, the increasing computational power of today’s
desktop computers reduce the need for outsourcing such computations.
The D-loop region. Only few characteristics, such as an increased proportion of weak nu-
cleotides (adenine and thymine), are known that can be employed in the annotation of the mi-
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tochondrial control region, see Section 3.1.1. However, the correct annotation is not only an
algorithmically interesting problem but the prerequisite for a utilization of this region as a phylo-
genetic marker in small and large scale population analyses, see Chapter 4 for an exemplary study.
Consequently, the thorough investigation of the mitochondrial control region is subject of ongoing
work.
Novel transcripts. Recent reports suggest the existence of previously undetected mitochondrial
ncRNAs, for example covalently linked to the 5’ end of rrnL [56, 410, 411]. Other studies showed
that the D-loop region of human, Mus musculus, and Rattus norvegicus mitogenomes can encode
small non-coding RNAs of 23 – 68nt length [243, 355]. Furthermore, Lung et al. [243] found small
ncRNAs in antisense orientation to the nad4 mRNA and nad6 mRNA. Neither candidates of the
D-loop region nor the mRNA-associated ncRNAs could be confirmed by northern blot analysis,
however, probably due to their low expression levels. Yu et al. [460] reported a small ncRNA of
32nt length in rat, encoded by the origin of light strand replication. This ncRNA additionally
includes a CCA at its 3’ end, not encoded by the mitogenome and is able to form a stable stem-
loop structure. While future transcriptome analyses of mitochondrial DNA [404] are necessary to
confirm these findings in other species, they yield future prospects for MITOS.
3.4 Conclusion
MITOS is an automated pipeline that tackles the problem of a reliable metazoan mitochondrial
genome annotation, using state of the art methods. Protein-coding genes are annotated via a
sophisticated BLASTX search which allows for the detection of frameshifts, duplication events, and
split genes. Structural conservation is utilized for ncRNA annotation by employing novel covariance
models. MITOS allows for a systematic error screening, the standardization of gene names,
anticodon labeling of tRNAs, and provides a framework for the assessment of the validity of a
gene assignment. Using MITOS for de novo annotation and re-annotation of existing mitogenomes
produces improved data for a variety of subsequent analyses, such as genome rearrangement studies
and phylogenetic reconstruction.
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Chapter 4
The D-loop Region of B. bombina
4.1 Introduction
The European Fire-bellied toad Bombina bombina inhabits lowland habitats and faced a dramatic
population decline over the last decades mainly due to habitat destruction. Genetic studies can
contribute substantially to set up conservation strategies, i.e. by providing a basic understand-
ing of small scale population structure in the context of habitat restoration and/or translocation
of animals into newly established habitats. Beside nuclear genetic markers (i.e. microsatellites),
mitochondrial markers constitute a valuable tool in conservation genetics. Previous studies re-
vealed extremely low levels of mitogenome variability, however [167, 392]. These studies employed
restriction fragment length polymorphism (RFLP1) analyses of whole mitogenomes or single mi-
tochondrial genes (e.g. cytochrome b or nad4) and confirmed the existence of two genetically
separated B. bombina groups, resulting from postglacial recolonization of Europe from Southern
refugia along the river Danube into the Hungarian plain (Southern group) and northwards of the
Carpathian mountains towards Northern Europe (Northern Group). Variability among mitochon-
drial lineages found within the Northern and Southern group was low, however. These results
1http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/TechRFLP.shtml
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suggest that RFLP assays and/or the analysis of coding genes might not be informative enough
to analyze small scale population structure in B. bombina.
The control region of B. bombina contains the conserved sequence blocks I-III (CSB I-III), see
Section 3.1.1, as well as a stretch of tandemly repeated sequence motifs at its 5’ end (length
variable, LV1 region). The LV1 region, which also contains the putative termination associated
sequences (TAS), constitutes the only repetitive region in B. bombina [300, 345]. All repeat
motifs, which are 73 to 97nt in length, are putatively of the same phylogenetic origin and are
therefore regarded as paralogs [345]. A second repetitive region (LV2) can be found at the 3’ end
of the control regions of B. fortinuptialis, B. orientalis, and B. variegata. Phylogenetic analyses,
however, suggest that the LV2 region has been secondary lost in B. bombina [300].
Repetitive regions of such kind are common in mitogenomes of many species and were subject
to comprehensive research, see e.g. [48, 49, 437, 438]. They were found to be highly dynamic and
characterized by gain and loss of repeat motifs, resulting in intraspecific length variation and/or
length heteroplasmy (multiple forms within a single individual). In addition, paralogous repeat
motifs can accumulate nucleotide diversity and therefore are thought to reflect historical processes
[47]. Repeat motifs are often able to fold into stable secondary structures and this ability was
interpreted as the functional precondition for addition and deletion of entire and/or partial repeat
motifs known as slipped strand mispairing (SSM, see subsection 4.3.3) model [55].
Even though not yet annotated for B. bombina, the control region is further expected to
contain the origin of heavy strand replication (OH) as well as promoters for heavy and light strand
transcription (HSP and LSP).
Although the non-coding control region (both, repetitive and non-repetitive parts) contains
regulatory important nucleotide sequences, being evolutionary highly conserved, most parts of the
control region are expected to be less evolutionary constraint and hence may accumulate more
variability than coding mitochondrial genes. Furthermore, mechanisms such as slipped strand
mispairing during mtDNA replication and/or recombination can cause repetitive regions to evolve
highly dynamic.
Here we use the non-coding control region of the B. bombina mitogenome to lay a basis
for establishing an informative mitochondrial marker as it often contains a higher amount of
variability (length and sequence variability) compared to coding regions. A particular focus lies
on the investigation of the evolutionary dynamics of the repetitive LV1 region on an interspecific
and intraspecific level. This includes understanding the mechanisms underlying LV1 evolution,
i.e. by exploring the impact of secondary structure on slipped strand mispairing during mtDNA
replication.
We base our study on the fully sequenced mitogenomes of B. bombina, including the previously
published whole mitogenome of B. bombina (GenBank Acc. No. EU115993 [300]), and its sister
species B. fortinuptialis [462], B. orientalis [345], and B. variegata [300], as the basic organization
of the mitogenome control region is comparable between these four species, see Figure 4.1.
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Figure 4.1: Schematic representation of the B. bombina control region and the relative position of the genes
encoding cytochrome b, tRNA threonine, and tRNA proline (GenBank Acc. No. EU115993). Positional markers
indicate the start and stop of an indel and the relative position of the repetitive region (LV1), which is of different
length among specimens. In addition, the conserved sequence blocks (CSB) I-III, and the VNTR (variable number
of tandem repeats) region are annotated. Partial nucleotide fragments (A and B) of the control region and the
adjacent genes as analyzed in this study are indicated by giving the nucleotide position of the reference mitogenome
[300], GenBank Acc. No. EU115993. The figure also indicates the relative position of the marker region (“Marker”)
used for the population genetic analysis.
The most variable part of the control region is used to analyze interspecific variability within a
total of 120 specimens, representing five geographically distinct populations of the Danish Islands,
Northern Germany, and Western Poland. Intraspecific variability, on the other hand, is being
analyzed based on partial nucleotide sequences covering almost the entire mitochondrial control
region of 11 B. bombina specimens taken from the same five populations.
4.2 Material and Methods
4.2.1 Tissue Sampling and DNA Extraction
DNA of a total of 120 tissue (toe clips or larvae) or mucous samples (i.e. smear from the tongue) of
Bombina bombina specimens were obtained from eight geographically distinct locations: Fehmarn
(Northern Germany), Gottesgabe/Lammershagen (Northern Germany), Puttlos (Northern Ger-
many), Salem/Kittlitz/Mustin (Northern Germany), Lakoma (Eastern Germany), Tarup Strand
(Denmark), Avernako (Denmark), and Bialovieza (Eastern Poland), see also Table 4.3. A total of
15 samples from each locality were taken. From these the mitochondrial control region, including
the adjacent genes encoding cytochrome b, tRNA proline, and tRNA threonine of B. bombina
were amplified.
4.2.2 Sequence Annotation and Analysis of Nucleotide Variability
Alignments were created with BioEdit2, using the newly generated B. bombina nucleotide se-
quences/contigs and the whole mitogenomes of B. bombina (GenBank Acc. No. EU115993),
B. variegata (AY971143), B. orientalis (AY585338), and B. fortinuptialis (AY458591). Amplified
nucleotide sequences were annotated based on these alignments. tRNAscan-SE was used to an-
alyze putative tRNA encoding sequences, to ascertain their identity and to investigate whether
2http://www.mbio.ncsu.edu/bioedit/bioedit.html
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nucleotide variability found in these regions does affect the folding pattern. We employed two
different approaches for the analysis of intra- and interspecific variability. First, MEGA (v3.1) [217]
was employed for p-distance calculations after pairwise deletion of alignment gaps/indels. Second,
we estimated variability of paralogous LV1 repeat motifs. Thus, nucleotide sequences of complete
and partial LV1 regions obtained from all 11 B. bombina specimens analyzed here as well as of
the previous published B. bombina whole mitogenome (EU115993) were aligned in BioEdit. In-
dividual repeat motifs were identified based on the definition given by San Mauro et al. [345] and
Pabijan et al. [300]. Following the approaches of these authors ascertains comparability.
Based on the alignments we annotated (i) conservative, (ii) moderately variable, (iii) highly
variable parts, and (iv) unique sequence motifs within LV1 motifs. To identify possible origins
of the unique sequence motifs a local BLAST search against whole Bombina mitogenomes and a
remote BLAST search against the nucleotide collection of GenBank was performed.
4.2.3 Analysis of the LV1 Region Secondary Structure
The minimum free energy (MFE) structure of all motif combinations for which a complete LV1 mo-
tif region is known was predicted, using RNALfold, available as part of the Vienna RNA Package
(v.1.8.4) [165, 166]. RNALfold calculates locally stable secondary structures with a maximal base
pair span. Here a modified version (S. Bernhart, pers. communication) was used that combines
these locally stable structures into one global secondary structure and resolves arising base pair-
ing conflicts. A folding window size of 75nt was chosen as a trade-off for the average observed
repeat motif length and a reliable folding span. Structures were calculated in steps of one Kelvin
between 1◦C and 37◦C. RNALfold was used for MFE structure prediction with specific DNA pa-
rameters [353]. These parameters account for the different thermodynamics of DNA polymers
and oligomers.
4.3 Results
4.3.1 Analysis of the Control Region Structure and Variability
Interspecific variability for cytochrome b, tRNA proline, and tRNA threonine between B. bombina
and sister species revealed high divergence between B. bombina and B. fortinuptialis. Intermediate
divergence was found between B. bombina and B. orientalis, and only low divergence between
B. bombina and B. variegata, see Table 4.1.
No intraspecific variability in B. bombina was found within cytochrome b and tRNA proline.
Genes encoding the tRNA threonine contained a 1nt indel for two samples analyzed here. Sec-
ondary structure prediction, however, suggested no variation in the resulting folding pattern (data
not shown).
In contrast, intraspecific variation was found in the control region by analyzing fragments A,
B, and the VNTR (variable number of tandem repeats) region (Figure 4.2). Nucleotide variability
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Table 4.1: Inter- and intraspecific variability of mtDNA in different genes adjacent to the D-loop indicated by
pairwise distance (p-distance) and mapping of length variation.
B. bombina (this study) vs. cytochrome b tRNA-Thr tRNA-Pro
B. bombina (EU115993)
Pairwise distance 0 0 0
Length variation none none none
B. variegata (AY971143)
Pairwise distance 0.0838 – 0.0970 0.290 0
Length variation none none none
B. orientalis (AY585338)
Pairwise distance 0.1180 – 0.1340 0.1014 0.0145 – 0.0147
Length variation none none none
B. fortinuptialis (AY458591)
Pairwise distance 0.1466 – 0.1694 0.1304 0.580 – 0.588
Length variation none none 2nt indel
was highest in fragment A, representing the part of the control region adjacent to the LV1 region
(p-distances: 0.0092 – 0.0138). Furthermore, nucleotide variability was found in fragment B,
representing the middle part of the control region (p-distances: 0.0014 – 0.0055). However,
most remarkable is the existence of a 189nt indel within this fragment, see Figure 4.2. The indel
sequence is present in the mitochondrial control region of all other 11 specimens investigated here
at position 16,437/16,438. Therefore, B. bombina (EU115993) is the only specimen where this
region is missing. The indel sequence is highly similar to a corresponding region of similar length
found in the closely related species B. variegata, B. orientalis, and B. fortinuptialis.
Table 4.2: Intraspecific variability of selected D-loop regions (see Figure 4.1) indicated by pairwise distance (p-
distance) and mapping of length variation. B. bombina sequences obtained in this study were compared with each
other and to the already published B. bombina genome EU115993.
B. bombina (this study) vs. Fragment A Fragment B VNTR
B. bombina (this study)
Pairwise distance 0 – 0.0092 0 – 0.0014 0 – 0.0556
Length variation 1nt indel none microsatellites
B. bombina (EU115993)
Pairwise distance 0.0092 – 0.0138 0.0037 – 0.0055 0 – 0.0556
Length variation none 189nt indel microsatellites
Almost no variability was found in the conserved sequence blocks (CSB) I-III except for a single
nucleotide substitution in CSB III in a single case. The VNTR region, located at the 3’ end of
the control region, contains two independent microsatellite sequences, varying in the number of
dinucleotide repeats, see Figure 4.3.
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Figure 4.2: Alignment showing the 189nt indel found at position 16,437/16,438 of the B. bombina reference
mitogenome [300], GenBank Acc. No. EU115993.
Variability was analyzed within the LV1 region in order to obtain information on (i) variability
between paralogous LV1 motifs and (ii) on the structure of the LV1 region (i.e. length and order
of LV1 repeat motifs). The entire LV1 region was successfully sequenced for B. bombina specimen
Lak-07 and Lak-08. Whereas only partial LV1 region sequences were obtained for the remaining
nine samples. Thus, LV1 repeat motifs were mapped for each of the 11 B. bombina specimens
according to the repeat motif definition previously used by San Mauro et al. [345] and Pabijan
et al. [300], see Table 4.3. Comparison showed the existence of various LV1 motif subtypes not
only for B. bombina but also for its sister species B. variegata and B. orientalis, see Figure 4.4
(note that B. fortinuptialis was excluded here, since LV1 region nucleotide sequences could only
be partially retrieved). As can be seen from the alignment, the LV1 motifs contain intraspecifically
and interspecifically highly conserved as well as moderately conserved regions. At the same time,
substantial variation exists at the 5’ end of the LV1 repeat motifs. The existence of unique
nucleotide motifs (indicated by black boxes in Figure 4.4) allows grouping of LV1 motifs into six
different types (I-VI).
Local and remote BLAST searches to identify possible origins of the characteristic nucleotide
patterns revealed, in part, significant sequence similarities to other Bombina mitogenome regions:
• The characteristic nucleotide pattern of structural type I can be explained by a translocation
of a part of the gene encoding tRNA proline, corresponding to nucleotide position 15,460 –
15,474 of the B. bombina reference mitogenome (EU115993).
• The nucleotide pattern characteristic for structural type III can be (at least partly) explained
by a duplication of a 13nt nucleotide sequence (Figure 4.4 – shaded in gray) which is part
of the moderately variable region and can be observed in motifs of other structural types
(types I, II, III, IV, and other Bombina species).
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• Characteristic nucleotide patterns of structural types IV and VI are found to be unique.
• The dinucleotide repeat found in the structural type V is similar to other dinucleotide re-
peats in the genomes of B. bombina, B. variegata, and B. orientalis. None of the LV1
repeat motifs within the B. bombina mitogenome (EU115993 and this study) contains a
dinucleotide repeat pattern of similar length at its 5’ end, however.
Figure 4.3: Variable microsatellite sequences found in the VNTR region at the 3’ end of the B. bombina control
region.
Table 4.3: List of specimens used for complete D-loop analysis. The table summarizes the number of LV1 re-
peat motifs and their combination within the respective specimen. Motif assignment according to Figure 4.4.
’NN’ = unknown number and type of LV1 motifs. See text for further details.
Specimen ID #repeats LV1 motif order
5’ ———————————————————————————————————————————– 3’
EU1159931 6 A II-a I-b II-c II-c II-c II-c
D-FE-62 NN A II-c II-c II-c II-c II-c NN V-k III-l
D-FE-212 18 A II-c II-c II-c II-c II-c NN V-k III-l
60-023 18 A II-c II-c II-c II-c II-c NN II-r VI-w V-k III-l
90-184 NN A II-c II-c II-c II-c II-c NN VI-w V-k III-l
100-285 18 A II-c II-c II-c II-c II-c NN II-o II-c IV-s II-c VI-f V-k III-l
Lak-076 10 A II-c II-c II-c II-c II-c IV-u II-p VI-w V-i III-l
Lak-086 11 A II-d II-c II-c II-c II-c II-c IV-u II-p VI-w V-i III-l
DK-TS-407 12 B II-c II-c II-c II-c II-c NN IV-t II-r VI-w V-i III-l
DK-AV-138 18 B II-c II-c II-c II-c II-c NN IV-u II-p VI-w V-i III-l
PL-BI-179 18 A II-c II-c II-c II-c II-c NN V-i III-m
PL-BI-209 18 A II-c II-c II-c II-c II-c NN VI-w V-i III-m
Sampling locations: 1 Tyniec (Poland); LV1 region analyzed by Pabijan et al. [300] as found in GenBank. 2 Fehmarn (Northern Germany).
3 Gottesgabe/Lammershagen (Northern Germany). 4 Puttlos (Northern Germany). 5 Salem/Kittlitz/Mustin (Northern Germany).
6 Lakoma (Eastern Germany). 7 Tarup Strand (Denmark). 8 Avernako (Denmark). 9 Bialovieza (Eastern Poland).
Based on the mapping of the LV1 motifs (Table 4.3) and the comparison of the variability of
paralogous LV1 motifs (Figure 4.4), the overall structural composition of the LV1 region can be
described as follows: Structural type II is most common, with motif II-c as the most abundant
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motif in B. bombina mitogenomes. While structural type I is unique to the reference mitogenome
(B. bombina EU115993), the structural types III, IV, V, and VI were only found in the mtDNA
of the B. bombina specimens analyzed here. Remarkably, while the number of repeat motifs can
vary between mitogenomes of different specimens, the order of structural types within the LV1
region is overall constant: it starts with a long stretch of II-c motifs at the LV1 5’ end while other
structural types occur in a constant order at the 3’ end of the LV1 region.
Figure 4.4: Alignment of LV1 motifs found in B. variegata (AY971143), B. orientalis (AY585338), and B. bombina
(EU115993 and this study). Colored lines indicate regions of different variability between LV1 motifs: blue =
highly variable region; yellow = moderately variable region; red = conservative region. The relative position of
the termination associated sequence (TAS) is indicated as TAS1 following the annotation by Pabijan et al. [300]
and TAS2 following the annotation by San Mauro et al. [345]. Black boxes indicate unique sequence motifs
characterizing the different LV1 motif types whereas shaded sequences indicate duplicated regions for type III and
palindromic sequences for type VI, respectively. Note that B. fortinuptialis was excluded here, since LV1 region
nucleotide sequences could only be partially retrieved.
4.3.2 Diversity Within and Divergence Between Populations
Judging from the results described above, the LV1 region is a rather dynamic part of the control
region, showing different number and composition of LV1 motifs. However, nucleotide variability
was also found in regions adjacent to LV1, i.e. in regions represented by control region fragment
A. Thus we further analyzed a marker fragment (211nt long “Marker”, see Figure 4.1) of all
120 specimens, representing 8 geographically distinct populations where the 11 specimens were
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sampled. All specimens contained the LV1 motifs of types III and V at the 3’ end of their LV1
region (Table 4.3). This suggests the absence of a mitotype similar to the reference B. bombina
mitogenome (EU115993), consisting mainly of LV1 motifs of types I and II. Low variability was
found between the 8 distinct B. bombina populations. Minor mutations (one 1nt indel, 5 nu-
cleotide polymorphisms) suggest the existence of seven different haplotypes, see Figure 4.5.
Figure 4.5: Nucleotide sequence alignment of 7 haplotypes found among 8 distinct B. bombina populations. Dots
indicate no change of nucleotide compared to first haplotype sequence (AAC).
4.3.3 Analysis of the LV1 Secondary Structure
Evolutionary dynamics of repetitive regions in mitogenomes (i.e. variable number of LV1 repeat
motifs) can be explained based on SSM models [55, 250]. In brief, the D-loop strand (possessing
LV1 repeat motifs at its 3’ end) and the H-strand are in a dynamic, reversible competitive equilib-
rium for pairing with the L-strand (see Appendix Figure B.1). Consequently, all three strands can
form hairpin loops and subsequent binding may result in misalignments. Given that the D-loop
strand can act as a primer for H-strand synthesis during replication, extension of misaligned D-loop
strands can result in either gain or loss of entire or partial repeat motifs. SSM models imply that
repeat motifs are able to fold into stable secondary structures during replication and/or D-loop
formation. Therefore, we have explored the possibility that locally stable secondary structures of
single stranded LV1 motif DNA can form, using computational prediction models based on five
examples – four with fully sequenced LV1 region and one hypothetical sequence.
The fully sequenced LV1 regions were obtained from B. bombina specimen Lak-8 (Table 4.3) and
the previously published whole mitogenome sequence of B. bombina (EU115993). Furthermore,
the LV1 region of the two sister species Bombina variegata (AY971143) and Bombina orientalis
(AY585338) were included as reference. A hypothetical LV1 region, containing 11 complete type
II-c repeat motifs (most common motif in B. bombina, see Table 4.3), was created as an additional
reference to analyze the folding pattern of a homogeneous LV1 region. This hypothetical reference
allows us to analyze the impact of heterogeneity between paralogous LV1 motifs on the secondary
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structure of single stranded DNA in a comparative approach.
Bombina species are poikilothermic animals (i.e. their body temperature varies with the temper-
ature of their surroundings), being biologically active along a wide temperature range. Therefore,
folding patterns are predicted in silico along a temperature gradient from 1◦C to 37◦C in steps of 1
Kelvin, using a sliding window approach. Results of folding plots are exemplified for three discrete
temperatures: 10◦C, 20◦C, and 37◦C, see Figure 4.6. The color code used in Figure 4.4 (blue:
variable region, yellow: moderately conservative region, red: highly conservative region) allows for
a detailed analysis of how LV1 repeat motifs are involved in secondary structure formation, both
with respect to temperature and species.
Temperature dependence seems to be only marginal in case of the LV1 region of B. orientalis,
when analyzing the overall folding pattern (Figures 4.6m – 4.6o). The LV1 motifs are forming
locally stable stem loops, each exhibiting large interior loops, resulting in a widely homogeneous
structure along the whole temperature gradient. The variable regions (blue) form the lower part
of the stem while the highly conservative regions (red) form the hairpin loops. Minor changes
in secondary structure can only be observed for one of the large stem loop structures at lower
temperatures (10◦C, Figure 4.6m), however. Here, two small and one large stem loop (having
three small interior loops) form. This structure is situated at the region where two consecutive
length variable repeat motifs fold into a common secondary structure.
In contrast, substantial temperature dependent differences can be observed in both cases of
B. bombina (Lak-08: Figures 4.6a – 4.6c; EU115993: Figures 4.6d – 4.6f) as well as in case
of the hypothetical reference pattern (11×type II-c; Figures 4.6g – 4.6i). At high temperatures
(37◦C) the folding pattern of all three motif combinations is comparable to the folding pattern
of B. orientalis (Figure 4.6o): large stem loops composed by two consecutive motifs with large
interior loops (Figures 4.6c, 4.6f, and 4.6i). In most cases, the lower parts of these large stems
are formed by the variable region of the consecutive motifs while the moderately and highly
conservative regions form large interior and small hairpin loops. The overall folding pattern is
somewhat homogeneous for B. bombina (EU115993) and the hypothetical reference (Figures 4.6f
and 4.6i). Consecutive motifs of different types (Figure 4.6c, types IV-u, II-p, VI-w, V-i, III-l),
however, lead to the formation of large heterogeneous folding patterns.
The global secondary structure of these three examples changes further with decreasing tem-
perature (20◦C and 10◦C; Figures 4.6a, 4.6b, 4.6d, 4.6e, 4.6g, and 4.6h). As a general rule, large
stem loop structures and therefore large interior loops mostly disappear. Instead, small stem loops
are predicted to form, each of them made up by one of the three motif regions: the variable
region (blue), the moderate conservative region (yellow), and the highly conservative region (red).
However, the overall pattern shows characteristic features in all three examples. When analyz-
ing the hypothetical reference, secondary structures are quite homogeneous at 10◦C and 20◦C,
see Figures 4.6g and 4.6h. Only small differences are predicted between the folding patterns at
both temperatures, particularly at the base of the stem loop largely formed by the variable region
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(Figures 4.6g and 4.6h).
The picture is somewhat different in case of the B. bombina LV1 region from sequence EU115993
(Figures 4.6d and 4.6e). Motif I-b causes the maintenance of a stem with large interior loop at
10◦C and 20◦C, indicating that the insertion of a DNA fragment of tRNA proline (green) has
substantial influence on the local folding pattern. Although a similar refolding as in case of the
hypothetical reference is observed: secondary structures at 10◦C and 20◦C are predicted to differ
mostly at stem loops, composed mainly of the variable region (blue, Figures 4.6d and 4.6e). Fi-
nally, heterogeneous secondary structures at both temperatures are predicted particularly where
consecutive LV1 motifs of different types form common stem loops (types IV-u, II-p, VI-w, V-i,
III-l; Figures 4.6a and 4.6b).
Moderate temperature dependent changes are observed for B. variegata (Figures 4.6j – 4.6l).
As in all other cases, stem loops with large interior loops are predicted at 37◦C (Figure 4.6l). At
lower temperatures, more and more of these interior loops disappear and shorter stem loops are
predicted instead (Figures 4.6j and 4.6k). In addition, the remaining longer stems exhibit fewer
large interior loops.
Changes of LV1 region secondary structures were monitored along the entire temperature gra-
dient (1◦C to 37◦C), see Appendix Table B.1. Overall, we observed between 5 and 16 different
changes in minimum free energy structure among all five LV1 regions used as an example in this
analysis. Considering the temperature range of putatively high physiological activity (10◦C to
22◦C), the number of different secondary structures ranged between from 3 to 5. The hypothet-
ical B. bombina sequence (11 repeats of the most common B. bombina type II-c) showed the
fewest changes, whereas the MFE structure of B. variegata underwent the most.
4.4 Discussion
Here we investigated the control region of the B. bombina mitogenome in order to find highly
variable parts which are of potential importance to develop informative genetic markers.
The results presented above show that the D-loop region contains a variety of features useful
as markers for intra- and interspecifically population analyses.
The observed high control region variability is in contrast to the lack of variability seen at
coding genes. This contrasting variability pattern motivated us to explore mechanisms underlying
the evolution of the control region in general and of the LV1 repetitive region in particular.
B. bombina control region is an evolutionary dynamic part of mtDNA. No intraspecific
variability was observed for cytochrome b and tRNA proline and only minor intraspecific variability
was found in the gene encoding tRNA threonine, indicating that variability is generally low in
B. bombina mitochondrial coding genes. Here, our results are in line with previous investigations
on the phylogeography of European B. bombina populations [167, 392]. As pointed out above,
there are two genetically separated B. bombina
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(a) B. bombina Lak-08 - 10◦C (b) B. bombina Lak-08 - 20◦C (c) B. bombina Lak-08 - 37◦C
(d) B. bombina EU115993 - 10◦C (e) B. bombina EU115993 - 20◦C (f) B. bombina EU115993 - 37◦C
(g) Hypothetical sequence - 10◦C (h) Hypothetical sequence - 20◦C (i) Hypothetical sequence - 37◦C
(j) B. variegata - 10◦C (k) B. variegata - 20◦C (l) B. variegata - 37◦C
Figure 4.6: Schematic representation of secondary structures for different LV1 repeat motif combinations at three
discrete temperatures (left to right: 10◦C, 20◦C, and 37◦C). From top to bottom, the combinations are from
B. bombina specimen Lak-08 (a-c), B. bombina reference sequence EU115993 (d-f), an artificial combination of
11× motif II-c (g-i), B. variegata (j-l), and B. orientalis (m-o). 5’ sequence ends are marked by a small black circle.
Colors indicate sequence variability: blue = highly variable, yellow = moderately variable, red = conservative (see
also Figure 4.4). The insertion of a DNA fragment of tRNA proline in B. bombina EU115993 is shown in green.
Secondary structure were predicted with RNALfold [166]. See text for a detailed discussion.
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(m) B. orientalis - 10◦C (n) B. orientalis - 20◦C (o) B. orientalis - 37◦C
Figure 4.6: (continued) Schematic representation of secondary structures for different LV1 repeat motif combinations
at three discrete temperatures (left to right: 10◦C, 20◦C, and 37◦C). From top to bottom, the combinations are
from B. bombina specimen Lak-08 (a-c), B. bombina reference sequence EU115993 (d-f), an artificial combination
of 11× motif II-c (g-i), B. variegata (j-l), and B. orientalis (m-o). 5’ sequence ends are marked by a small black
circle. Colors indicate sequence variability: blue = highly variable, yellow = moderately variable, red = conservative
(see also Figure 4.4). The insertion of a DNA fragment of tRNA proline in B. bombina EU115993 is shown in green.
Secondary structure were predicted with RNALfold [166]. See text for a detailed discussion.
(Southern and Northern group). Mitogenome variability within each group was found to be much
lower that between both groups [167, 392]. Therefore, the finding of substantial variability in
the control region is quite remarkable, given that samples analyzed here (including the previously
published B. bombina whole mitogenome EU115993) represent populations of the Northern group
only. This variability is reflected by a number of characteristics: (i) there is evidence for a
189nt indel within the control region (Figure 4.2), (ii) we find substantial nucleotide and length
variability between paralogous LV1 motifs (Figure 4.4), (iii) there is length variation in terms of
variable number of repeat motifs within the LV1 region (Table 4.3), (iv) we find variability of
microsatellites at the 3’ position of the control region (Figure 4.3), and (v) there is sequence
variability in regions represented by fragments A and B (Figure 4.2).
The analysis of intraspecific variability first revealed that mtDNA of different B. bombina
specimens differs substantially in the number of LV1 repeat motifs (Table 4.3). In addition,
we observed that although nucleotide sequences of LV1 repeat motifs can differ substantially
(Figure 4.4), the majority of motifs within the LV1 region of a specimen are identical (most
common motif: II-c) or highly similar (Table 4.3). The remaining repeat motifs are less frequent.
Evidence derived from mitogenomes of several Bombina species and different archaeobatrachian
species suggests that similarities between motifs are best explained by assuming a common origin
[345]. Thus, different LV1 motifs of a given species are considered to be paralogs and LV1 motifs
of different species are orthologs. Given these two features (length variation and the existence of
many identical motifs within the LV1 region of a specimen), the evolution of the LV1 repeat region
within the B. bombina mitogenome can be, at least in part, explained based on the illegitimate
elongation model developed by Buroker et al. [55].
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The amount of variability found among B. bombina LV1 repeat motifs is remarkable. Mo-
tif variability is not restricted to single nucleotide substitutions of a common motif. Instead,
differences can be substantial and appear as (i) duplication of nucleotide sequence fragments
(type III, Figure 4.4), (ii) length extended 5’ variable parts (type IV, Figure 4.4), (iii) extended
microsatellite-like regions (type V, Figure 4.3), or (iv) complex nucleotide rearrangement including
palindromic sequence elements (type VI, Figure 4.4). Overall, LV1 motifs belonging to a certain
type differ in length between 73 and 97nt (excluding partial repeat motifs).
For a detailed discussion why the control region dynamics described here are likely to be no
artifacts caused by accidental amplification of nuclear mitochondrial insertions (numts) or PCR
artifacts (e.g. jumping PCR) see Appendix B.
Sequence variability of control region allows small and large scale population genetic
analysis. Here we present evidence for the existence of mitochondrial lineages, differing sub-
stantially in their control region structure. This can be exemplified by the mitogenome published
by Pabijan et al. [300] (EU115993), referring to a sample found at Tyniec (Poland), compared to
the mitogenomes analyzed here, representing sampling sites from Northern Germany, Denmark,
and Western Poland. The LV1 region of the Tyniec haplotype consists only of six repeat motifs.
One of these motifs (motif I-a) contains a short translocation of tRNA proline, making this LV1
motif unambiguously identifiable (Table 4.3, Figure 4.4). In contrast, LV1 regions of B. bombina
haplotypes found in this study posses a higher number of repeat motifs (10 – 18 repeats, Ta-
ble 4.3) and, most importantly, posses distinct motif types (types III, IV, V, and VI; Figure 4.4,
Table 4.3). The control region of the Tyniec haplotype is further characterized by a 189nt deletion
not present in all other haplotypes found in this study, see Figure 4.2. Particularly these struc-
tural features characterize major evolutionary steps which may allow the definition of at least two
basal mitochondrial lineages regardless of additional minor nucleotide variability. These two mito-
chondrial lineages, representing major evolutionary steps, may be of potential use to reconstruct
phylogeographic scenarios, i.e. tracing migration within the postglacial Northern and Southern
recolonization routes.
We were also successful in identifying a 211nt marker fragment covering parts of the LV1 region
and parts of the non-repetitive control region as variable (Figures 4.1 and 4.5). A population
genetic analysis of 120 animals representing five geographically distinct populations revealed the
existence of seven different haplotypes (Figure 4.5). None of these haplotypes did represent a
structurally divergent lineage, however.
Temperature dependent DNA secondary structure may generate LV1 variability through
slipped strand mispairing during mtDNA replication. The amount of variability between
paralogous sequence motifs cannot straightforward be derived from a SSM model (particularly the
illegitimate elongation model) alone. Given that secondary structure (i.e. stem loop structures)
of single stranded DNA within the D-loop plays a key role in the SSM model, our study explored
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the ability to form hairpin loops based on nucleotide sequences of LV1 regions from selected
B. bombina specimens and other Bombina species. The folding method used for this analysis
predicted locally stable secondary structures based on a sliding window approach and along a
temperature gradient ranging from 1◦C to 37◦C. Our results show quite considerable changes of
the secondary structures along this gradient. Most importantly, changes were observed within the
range where the highest physiological activities of Bombina species are presumed (10◦C to 22◦C,
see Appendix Table B.1). Temperatures below 10◦C are most common during hibernation and
temperatures above 22◦C are actively be avoided by the species (heat stress). Thus, we argue
that secondary structures predicted below 10◦C and above 22◦C are less relevant to understand
variability generated by mtDNA replication.
Many studies employ computational predictions of secondary structure to explore the evolution
of repetitive region. However, including temperature parameters other than the default value of
usually 37◦C is less common. The minimum free energy structure of a nucleic acid sequence
depends on its basic elements (i.e. stacking pairs, hairpin loops, multiloops, interior loops, bulges,
joints, and free ends) and their size [126, 405]. For the free energies of these elements experimental
data are available. However, these are not only size (e.g. the loop size) but also temperature
dependent [218, 361, 421]:
∆G = ∆H − T∆S (4.1)
That is, the change in the Gibbs free energy ∆G depends on the change in enthalpy ∆H,
the temperature T , and the change in entropy ∆S. Thus, a reliable computational prediction of
nucleic acid secondary structure has to take a realistic temperature into account. We argue that
omitting a lifelike temperature parameters to predict secondary structure is an oversimplification
particularly when analyzing mtDNA of poikilothermic organisms.
Our observation that secondary structure of single stranded DNA in the D-loop differs quite
considerably depending on the temperature may have important implications on the predictions
made by SSM models. This is particular true when analyzing mitogenome evolution of poikilo-
thermic organisms such as B. bombina. SSM models predict that some regions of the displaced
DNA/RNA strands of the displacement loop (i.e. heavy and/or light strand as well as the D-loop
strand) form locally stable hairpin loops while other regions do not fold. These single stranded
regions are able to bind a complementary nucleotide sequence. This may result in binding of
sequence regions up- or downstream of the ’true’ complementary strand region. Consequently,
the extent of the misalignment depends on the size and folding pattern of locally stable secondary
structures. If incorrectly aligned sequences are templates for mtDNA replication, length variability
is generated. Thus, if secondary structures vary in size and shape, misalignments consequently
vary as well. From this it follows that variability resulting from subsequent replication depends
on the shape of DNA secondary structures. We further hypothesize that if size and shape of sec-
ondary structures found in the D-loop are temperature depended, the kind of LV1 region variability
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generated during heavy strand replication must also be temperature dependent and influenced by
the thermal conditions acting on poikilothermic animals.
This basic principle can be applied to further discuss our example LV1 regions analyzed here.
Considering the hypothetical LV1 region consisting of only a single motif type (II-c, Figure 4.6), the
folding pattern is entirely homogeneous at a given temperature. In contrast, considering folding
patterns of LV1 regions observed in real mitogenomes, secondary structure patterns of motifs
varying in nucleotide composition can be substantially different at a given temperature, (Figure 4.6,
B. bombina specimen Lak-08 and EU119553, B. variegata, B. orientalis). Thus, assuming the
SSM model, if LV1 motifs accumulate mutations, the temperature dependent secondary structure
may change, which is expected to influence the variability patterns generated during mtDNA
replication. An extreme example for this basic principle might be the case of the translocated
tRNA proline subsequence found in LV1 motif I-a of B. bombina specimen EU119553 (Figure 4.6).
This translocation shapes the secondary structure of motif I-a over a large range of temperatures.
Furthermore, single hairpin loops can either include almost the entire repeat motifs or only
parts (i.e. only the conservative or the moderately variable part, see Figure 4.6). Our B. bombina
examples demonstrate that large hairpin loops, representing almost entire repeat motifs, are the
most likely secondary structure at high temperatures (i.e. at 37◦C, see Figures 4.6c, 4.6f, and 4.6i).
On the other hand, small hairpin loops, representing only parts of a repeat motif, are predicted at
lower temperatures (i.e. at 10◦C or 20◦C, see Figures 4.6a, 4.6b, 4.6d, 4.6e, 4.6g, and 4.6h).
Further implications for functional constraints shaping the evolution of LV1 repeat motifs.
Intraspecific comparisons between LV1 repeat motifs found among all 11 B. bombina specimens
investigated show the existence of highly conservative parts as well as regions of moderate or even
high variability. Not only the highly conservative parts but also the moderately variable parts of
the LV1 repeat motifs show similarities to LV1 motifs of other Bombina species (Figure 4.4).
The existence of interspecific similarities between LV1 motifs was first discovered in studies
analyzing single whole mitogenome sequences of different Bombina species [300] and mitogenome
sequences of different archaeobatrachians [345] and interpreted in terms of a common evolutionary
origin. The apparent coexistence of conservative (intra- and interspecifically) and highly variable
parts is best explained with functional constraints during LV1 evolution as suggested by Pabijan
and co-workers. These authors hypothesized that functional constraints might result from the
presence of the termination-associated sequence (TAS) which plays a role in mtDNA regulation
(i.e. replication/transcription) possibly in synergy with other regulatory elements downstream of
LV1. However, San Mauro et al. [345] and Pabijan et al. [300] annotated the TAS region within the
LV1 region but to slightly different positions (Figure 4.4). As shown in the analysis of intraspecific
variability, depending on their definition, these regions can be highly variable [300] or moderately
variable [345].
Future studies based on an experimental system have to show whether TAS elements can be as
variable as suggested by our study or whether the TAS element might even be at another position,
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i.e. somehow related to the highly conservative part of the LV1 motifs (compare Figure 4.4). In
addition, such an experimental system might also be appropriate to clarify whether the conservative
regions of the LV1 motifs may have further functional relevance, i.e. as recognition or binding site
of regulatory proteins during mtDNA replication and/or transcription.
However, an additional explanation might be possible resulting directly from our investigation
of LV1 secondary structure. As described in the Section 3.1.1, during mtDNA replication the
D-loop region is triple stranded and the resting D-loop strand is competing with the H-strand for
binding to the L-strand. Unpaired DNA is known to be unstable and such a triple stranded region
may be subject to an increased mutation rate. Modification of single stranded DNA is however
circumvented through intra- and/or intermolecular binding, resembling a double stranded state.
Thus, stem loops which incorporate large DNA fragments within the stem leaving only short DNA
regions unpaired within hairpin and/or internal loops may stabilize this triple stranded D-loop.
4.5 Conclusion
The control region of B. bombina appears to be an evolutionary highly dynamic region. This
dynamic is not only driven by mechanisms accumulating nucleotide substitutions but most impor-
tantly by mechanisms leading to length variation, i.e. gain and loss of LV1 repeat motifs and/or
microsatellite repeats as well as structural changes as seen in the variable region of LV1 repeat
motifs.
The observed sequence variability allows the identification of two mitochondrial lineages. This
suggests the applicability of the B. bombina LV1 region as a marker, resolving large scale population
history as well as to investigate small scale population structure.
Repeat motifs are often able to fold into secondary structures with high thermodynamic stability
[55, 250, 437]. This ability was interpreted as the functional precondition for gain and loss of entire
and/or partial repeat motifs known as slipped strand mispairing (SSM) models [55, 250].
Our analysis of temperature dependent secondary structure of single stranded DNA within the
D-loop adds an important aspect to model the evolution of repetitive regions in mitochondrial
DNA based on SSM during heavy strand replication. Temperature dependent secondary structures
during mtDNA replication may not entirely explain how variability arises and clearly describes only
parts of the complex processes shaping the evolution of LV1 in poikilothermic animals such as
Bombina. However, it may amplify variability of mitochondrial DNA given that poikilothermic
animals are physiologically active under various thermal conditions during their life cycle.
The highly conservative and the moderately conservative LV1 regions are able to form locally
stable hairpin loops along the whole temperature gradient. However, given that the temperature
range with highest physiological activity lies between 10◦C and 22◦C we argue that secondary
structures predicted under these conditions should be considered most important for a biological
interpretation. Thus, we forward the idea that some sequence elements of the LV1 motifs are
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necessary to guarantee the formation of certain hairpin loops, acting as a sort of “stable backbone”.
If these sequence elements are changed due to mutations (i.e. in case of LV1 motif I-a), stems
cannot properly form, resulting in non-stable assemblies of the triple stranded D-loop.
Part II
Characters derived from Nuclear
Genomes
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Chapter 5
Split-Inducing Indels
5.1 Introduction
Gaps in alignments are, of course, not features identifiable from the individual sequences. Instead,
they appear as derived patterns inferred from sequence comparison only. Hence, they are not
characters in a classical sense [415]. Nevertheless, they convey a surprising amount of phylogenetic
information. Shared multi-residue deletions, for instance, have been used to support hypothesis
derived from molecular data in recent single gene analyses, see e.g. [398]. Multi-residue gaps in
DNA as well as protein sequences have been reported as useful indicators of monophyletic groups,
see e.g. [237] and Chapter 4. Single-residue gaps, on the other hand, occur more frequently than
multi-residue gaps and show a higher amount of homoplasy, see e.g. Belinky et al. [23]. These
authors suggest that single-residue gaps should not be removed a priori from a data set based on
a large taxon sampling, since they can still contain a phylogenetic signal.
The few studies of the phylogenetic information content of gap patterns were mostly conducted
on limited sets of protein data. With the advent of high-throughput sequencing (nearly) com-
plete genomes are becoming available at an increasing pace, from which large-scale genome-wide
alignments can be constructed. Phylogenomics capitalizes on these developments and provides a
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wide diversity of phylogenetic information [43]. We utilize these developments here to address the
value of gap patterns from a phylogenomic perspective. The use of genome-wide data sets allow
us to focus on the sub-class of indels only that define a “reasonably obvious” binary split among
the taxa. As gaps are not part of the sequence but the result of an alignment algorithm, however,
we need to systematically investigate the impact of the alignment method on the phylogenetic
information of the gap patterns.
5.2 Materials and Methods
5.2.1 Splids
Gaps often appear in rather disordered clusters in automatically generated alignments. The encod-
ing of characters from gap patterns is not entirely trivial as soon as indels rather than individual
gap characters are to be assessed. In a first step, we reduce the problem to indel loci consisting
of connected indels. More precisely, an indel is a contiguous stretch of gap characters. Two indels
overlap if there is an alignment column that is common to both of them, see Figure 5.1.
In the second step the individual indel loci are examined in detail. First we identify all distinct
intervals of gaps (circled numbers in Figure 5.1). We call an indel a splid (spl it-inducing indel)
if it defines an approximate bipartition of the taxon set according to the following rules:
1. Only indels found in at least two sequences, having the same 5’ and 3’ end, and with a given
minimum size are considered. By default, all indels of length at least two are considered.
Thus indels (1), (2), (3), (5), (7), (8), (12), and (13) in Figure 5.1 are removed.
2. A splid does not overlap another indel that satisfies the first condition. Thus indels (9) and
(10) are excluded.
The second rule is motivated by the following consideration: Splids having different 5’ and/or
3’ ends can either be caused by the alignment algorithm or are the result of additional indel events.
The locus, however, can be used as informative only if the different ends are caused by independent
or subsequent indels. The possibility of additional sequence mutations (i.e. substitutions) and
hence ambiguously aligned sequences impede a straight utilization of these indel regions.
Splids are coded as binary characters marking their absence/presence pattern in the respective
taxon. Missing sequence data in the alignment column of a splid is coded as “missing data”.
We optionally filter out splids that overlap an indel of length 1 occurring in at least two taxa
(such as indel (13)). In this “strict mode” indel (11) is removed, while it is retained in “fuzzy
mode”. These alternative treatments of single-position gaps is motivated by the observation that
they occur more often randomly than multi-residue gaps, while still containing some phylogenetic
information [23].
The algorithm for the conversion of alignments to a binary character matrix is implemented in
the C++ program gappy. The tool reads multiple sequence alignments in FASTA format. The user
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Figure 5.1: Non-trivial example of the determination of splids with size of at least 2 from a concatenated alignment
set (A and B). Alignment A contains sequence data for all taxa, whereas B misses taxon g. At first, all indel loci
are determined (1, 2, 3, and 4). Second, the loci are searched for indels constituting splids. From locus 1 indels (4)
and (6) fulfill this criterion [(1) and (3) do not fulfill the splid criterion]. Indel (8) is too small. Locus 3 contains a
set of conflicting splids [(9) and (10)]. Thus they are not included. Whether indel (11) is included in the final set
of splids depends on the applied algorithm. In strict mode it is not included, due to the single-residue indel (13). In
fuzzy mode, it is also included and taxon g is marked as missing data (“?”) in the binary absence/presence coding
(bottom).
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can select a minimum and maximum indel length for determining splids. By default, two output
files are generated. The first is a FASTA-formatted file, containing the splid absence/presence
information coded as binary sequence. The second file contains some summary statistics. Output
is also available in PHYLIP and NEXUS format. See Appendix Figure C.1 for a complete overview
of possible parameters.
5.2.2 Data sets
Simulated data. To test the performance of the method on multiple sequence alignments with
indel formation according to a robust tree, we created a number of different artificial data sets,
using INDELible V1.03 [121]. The guide tree and background base frequencies were taken from
the phastCons17way tree model file [367] obtained from UCSC1 and rescaled to have a maximum
root-to-tip distance of 2. Indel rates and indel-size distributions are in most cases estimated based
on pairwise alignments (e.g. processed pseudogenes vs. their homologous functional genes in
human, mouse, and rat [143]; human vs. chimp [46]; human vs. rodents, mouse vs. rat [244, 293])
but differ quite considerably. For instance, estimates for the ratio of substitution rates to indel
rates between mouse and human are ranging from 8 [244] to 14 [46, 293]. It seems to be a good
approximation to apply an indel rate in vertebrates at least as large as between human and mouse,
however. Estimates suggest that the frequency of deletions is somewhat higher than the insertion
frequency [11, 143, 464], with a ratio of deletion rate λd to insertion rate λi ranging from 1.3
to 4. We therefore created three different data sets using the Felsenstein81 model, two indel-size
distributions and three different indel-rates, each consisting of 100 alignments with a length of
100,000nt. The first two data sets use a simple geometric distribution with similar insertion and
deletion rates (λi = 0.03106 and λd = 0.04037) but different probability values (q1 = 0.7 and
q2 = 0.55, respectively). The third data set follows a Lavalette Distribution (a = 1.5, maximum
indel length M = 120) with λi = 0.02899 and λd = 0.03768.
ENCODE data. In order to address the problem how the method behaves under real-life data
and different alignment lengths we created two data sets from the ENCODE [30] project data,
based on the December 2007 Multi-Species Sequence Analysis sequence freeze. The ingroup
taxa include four apes (human, chimpanzee, Sumatran orangutan, and Northern white-cheeked
gibbon), four Old World monkeys (Eastern Black-and-white colobus, vervet monkey, baboon,
and rhesus macaque), four New World monkeys (dusky titi, owl monkey, marmoset, and squirrel
monkey), two prosimians (small-eared galago and mouse lemur), tree shrew, four rodents (mouse,
rat, guinea pig, and thirteen-lined ground squirrel), rabbit, cow, horse, two carnivores (dog and
cat), three bats (greater horseshoe bat, little brown bat, and large flying fox), two insectivores
(middle-African hedgehog and European shrew), armadillo, African elephant, tenrec, rock hyrax,
platypus, and the South American short-tailed opossum. Chicken was used as outgroup to root the
1http://hgdownload.cse.ucsc.edu
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trees. The first data set contains only those alignments in which all 36 organisms were included.
Alignments of only two ENCODE regions fulfilled this criteria: ENm001 (498 alignments) and
ENm013 (67 alignments). To investigate how the method behaves under a considerable amount
of missing data, as it is usually the case for genome wide alignments, a second data set was
created, based on all ENCODE alignment regions with at least three species.
Enterobacteriaceae. The genomes of Bacteria are by far smaller than metazoan genomes. This
makes creating whole-genome alignments computationally more feasible. On the other hand, their
genomes frequently undergo recombination and they are known to import DNA from other or-
ganisms into their genomes. The imported DNA can then replace a homologous sequence. This
often constitutes a problem for sequence-based phylogenetic analysis. We have selected a subset
of the Gram-negative Enterobacteriaceae family (Proteobacteria; Gammaproteobacteria; Enter-
obacteriales) for genome wide alignments. Enterobacteriaceae normally inhabit the intestines of
animals but are also found in plants and water. Many members are pathogens with a considerable
clinically importance. We selected all Enterobacteria listed at the Comparative Genometrics web-
site2 for which complete genomes were available at NCBI. Due to algorithmically limitations (see
Section 5.2.3) we reduced the final data set to 54 species and removed all E. coli strains except
K12 MG1655. Buchnera aphidicola was used as outgroup to root the trees. A complete taxon list
is given in Table 5.1.
5.2.3 Alignments
Genome-wide alignments. Certainly, the best choice would be the use of hand curated align-
ments. To the best of our knowledge, however, no such manually constructed whole genome
alignments exist. Nevertheless, even for computational approaches calculating an exact whole
genome alignment can be infeasible for large input data [106].
We used TBA/MULTIZ [31] for both the ENCODE and the Enterobacteria data sets. This toolkit
has been widely used for whole-genome alignments in large-scale comparative genomics studies
[21, 30]. TBA/MULTIZ needs a guide tree that describes the relationship of the species to be
aligned. In case of the ENCODE data set this tree is largely based on taxonomic information.
The guide tree for the Enterobacteria data set was created on a set of orthologous proteins for an
earlier analysis (kindly provided by Sven Findeiß, unpublished results): In brief, a set of orthologous
proteins was derived using ProteinOrtho [227] and pruned to contain only proteins present in
all input taxa; these were aligned with ClustalW; a neighbor-joining tree was calculated, using
SplitsTree [173]. Since TBA/MULTIZ was not able to align the complete set 75 enterobacterial
genomes (due the limitations in the internal data handling, M. Hou, pers. communication), we
sub-selected 54 taxa for inclusion in our alignment.
2http://www2.unil.ch/comparativegenometrics/phylo.html
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Table 5.1: Strains and sequences of the Enterobacteria used for splid inference.
Species designation Strain NCBI Acc. No.
Buchnera aphidicola 5A NC 011833
APS NC 002528
Bp NC 004545
Cc NC 008513
Sg NC 004061
Tuc7 NC 011834
Citrobacter koseri ATCC BAA-895 NC 009792
Cronobacter sakazakii ATCC BAA-894 NC 009778
Enterobacter sp. 638 NC 009436
Erwinia tasmaniensis Et1/99 NC 010694
Escherichia coli K-12 MG1655 NC 000913
Escherichia fergusonii ATCC 35469 NC 011740
Klebsiella pneumoniae 342 NC 011283
Klebsiella pneumoniae
pneumoniae MGH 78578 NC 009648
Pectobacterium atrosepticum SCRI1043 NC 004547
Photorhabdus luminescens TTO1 NC 005126
Proteus mirabilis HI4320 NC 010554
Salmonella enterica
arizonae serovar 62:z4,z23:– RSK2980 NC 010067
Salmonella enterica
enterica serovar
Agona SL483 NC 011149
Choleraesuis SC-B67 NC 006905
Dublin CT 02021853 NC 011205
Enteritidis P125109 NC 011294
Gallinarum 287/91 NC 011274
Heidelberg SL476 NC 011083
Newport SL254 NC 011080
Paratyphi A AKU 12601 NC 011147
Paratyphi A ATCC 9150 NC 006511
Paratyphi B SPB7 NC 010102
Paratyphi C RKS4594 NC 012125
Schwarzengrund CVM19633 NC 011094
Typhi CT18 NC 003198
Typhi Ty2 NC 004631
Typhimurium LT2 NC 003197
Serratia proteamaculans 568 NC 009832
Shigella boydii CDC 3083-94 NC 010658
Sb227 NC 007613
Shigella dysenteriae Sd197 NC 007606
Shigella flexneri 301 NC 004337
8401 NC 008258
Shigella sonnei Ss046 NC 007384
Sodalis glossinidius ’morsitans’ NC 007712
Wigglesworthia brevipalpis NC 004344
Yersinia enterocolitica 8081 NC 008800
Yersinia pestis Angola NC 010159
Antiqua NC 008150
CO92 NC 003143
KIM 10 NC 004088
Nepal516 NC 008149
Pestoides F NC 009381
Yersinia pestis
biovar Microtus 91001 NC 005810
Yersinia
pseudotuberculosis IP 31758 NC 009708
IP 32953 NC 006155
PB1/+ NC 010634
YPIII NC 010465
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A genome-wide alignment is always the result of an extensive similarity search between at least
two species and all available tools use some sort of heuristic to achieve reasonable run times
[8, 80, 94, 168, 302]. Due to evolutionary changes in genome organization, such as inversions and
duplications, two genomes are virtually never completely co-linear, resulting in a decomposition of
alignments into syntenic blocks. Practical procedure such as TBA/MULTIZ also use other features,
such as large insertions, missing data in individual species, or low complexity regions, as additional
breakpoints, so that relative small alignment blocks are produced. Not all of these blocks contain
sequence from all taxa, e.g. due to missing data in the sequence assemblies. Moreover, sequence(s)
may not be included in an alignment block because the respective fragment was deleted in the
species in question or is the result of an insertion in the last common ancestor. This is exactly
the type of data we aim to utilize. However, we cannot assess this information since we can not
rule out the chance of exclusion due to a divergence of homologous sequences beyond recognition.
Indeed even quite sophisticated algorithms are not immune to the inclusion of non-homologous
sequences in the final alignments [8].
Re-alignment without guide trees. The use of a guide tree for the genome alignments could
conceivably create a bias in indel positioning. We therefore checked whether such a bias really
exists and how other commonly used alignment programs perform. To this end we considered
individual alignment blocks produced by TBA/MULTIZ and removed the gaps again. The genome-
wide alignments thus are used only as a convenient means of extracting homologous regions.
A similar procedure was applied to the ’true’ alignments of the simulated data set which were
at first separated in blocks with an average size of 140nt and in the following treated as described
below.
The gap-free sequences of each block were re-aligned with a variety of commonly used programs
and algorithms: ClustalW (version 2.0.12) [222], Mafft (v6.833b) [197], Muscle (v3.7) [103],
T-Coffee (Version 8.97) [291], Prank v.100802 [242], and Dialign-TX (version 1.0.2) [385].
Dialign-TX differs from all other methods as it creates alignments from local pairwise sequence
similarities without the use of explicit gap penalties. Approximately 2% of the ENCODE regions
contain coding exons while the majority covers ’non-coding’ sequences, such as introns, UTRs,
and intergenic regions. It has been pointed out that, while performing fairly good on these
sequences, TBA/MULTIZ’s results on regions containing non-coding RNAs is not optimal [422].
We therefore additionally selected ProbConsRNA (version 1.1) [88], which is an experimental
version of the probabilistic consistency-based multiple sequence alignment tool ProbCons with
parameters estimated from BRAliBASE II via unsupervised training [129]. All tools were used
with default values except for Mafft which also offers two substantially different modes: L-INS-i
(local optimal alignment) and G-INS-i (global optimal alignment).
Following realignment, gaps introduced at the 5’ and 3’ ends of the sequence blocks were
interpreted as artifacts and hence coded as missing data [369]. As individual alignment blocks
typically contain sequence data for only a subset of the input taxa, such missing taxa were also
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explicitly coded as missing data. The alignment blocks with two or more taxa and containing
at least one gap character were then concatenated using a custom perl script (see Appendix
Figure C.2). Note that by construction the delimiting columns of each alignment block do not
contain gap characters; concatenation therefore does not affect the gap patterns.
From the final alignments splids were obtained, using gappy with default values and strict
mode.
5.2.4 Phylogenetic Reconstruction and Analysis
Tree Reconstruction. Phylogenetic trees were calculated with the hybrid version of RAxML
v7.2.8 [378], using rapid bootstrapping with 100 random additions under the Gamma-model for
binary characters [303, 379]. Bootstrap support values were drawn on the best-scoring tree.
Tree Comparison. Many different distance measures are available to compare phylogenetic
trees. The most sensitive one is the unweighted Robinson-Foulds (RF) distance [326], defined
as the number dRF of splits contained in exactly one of the two trees. The upper bound of the
RF distance is 2n − 6, where n is the number of species in the tree. Its major drawback is that
it does not emphasize local similarity, so that trees differing by the placement of a single taxon
may have large RF distances [305]. As an alternative we therefore employ the quartet distance
[109], defined as the number of quartets that are subtrees of one but not the other input tree.
The normalized quartet distance, d′Q = dQ/
(
n
4
)
, serves as a convenient distance measure between
large phylogenetic trees. We use here Phylonet (version 2.3) [400] and QDist (version 2.0.2)
[252] to compare the obtained trees with the underlying guide trees.
5.3 Results
5.3.1 Simulated Alignments
In order to test the quality of the phylogenetic signal provided by splids we first used simulated
sequence data generated by INDELible along a known reference tree. Alignments were computed
using nine different methods. Overall, 3,000 trees were calculated from these alignments and the
simulated INDELible reference alignments. On these artificial data set we observe nearly correct
trees derived from splids, see Figure 5.2. On these benign data, the choice of the alignment
methods has little effect on the quality of the estimated phylogenies. No RF distances between
reconstructed phylogeny and reference tree larger than 4 was observed. Indeed 82.57% of the
trees were identical to the reference, and another 16.67% showed an RF distance of 2. Quartet
distances draw a similar picture but allow a better differentiation of the respective methods.
The majority of all trees (97.5%) from all methods have a d′Q ≤ 0.122%, however. ClustalW
performed worst, although the distance of the tree most dissimilar to the guide tree is only 1.68%.
The best performance was observed for Mafft/L-INS-i.
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Figure 5.2: Normalized quartet distances between the simulated data sets and the guide tree. CW = ClustalW,
Dia = Dialign-TX, Md = Mafft (default), Mg = Mafft/G-INS-i, Ml = Mafft/L-INS-i, Mus = Muscle,
PC = ProbConsRNA, TC = T-Coffee, True = Scores obtained from trees calculated from the ’true’ INDELible
alignments.
In contrast to real data, however, these simulated test cases are rather homogeneous, while rate
heterogeneity among sites has long been accepted to be a biological more realistic assumption,
see e.g. [450]. We therefore investigated three real-life examples in detail.
5.3.2 ENCODE Genomes
Small ENCODE data set. Depending on the alignment method, the concatenated re-alignment
of the ENCODE data differed in length and hence in the total number of gaps they contain. For the
small ENCODE data set, ClustalW produced the shortest and Dialign-TX the longest alignment.
It is no surprise that the number of splids grows with the number of alignment sites (Table 5.2). For
the three Mafft algorithms, however, the number of splids decreases with increasing alignment
length. In particular, Mafft (default) and Mafft/L-INS-i seem to introduce more single-
residue gaps or conflicting splits than Mafft/G-INS-i.
Figure 5.3 shows the distribution of splid lengths for the different alignment algorithms. The
alignment methods fall into two broad groups. While Dialign-TX, T-Coffee, Prank, and
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Table 5.2: Comparison of the number of sites of the final alignments and derived splids with length ≥ 2nt for the
ENCODE data set containing only alignments with sequence information for all taxa.
Tool No. of sites No. of splids
ClustalW 79,006 793
Dialign-TX 96,990 2,163
Mafft 84,105 1,021
Mafft/L-INS-i 83,578 1,245
Mafft/G-INS-i 83,123 1,279
Muscle 84,577 1,378
ProbConsRNA 86,277 1,927
Prank 96,622 2,047
T-Coffee 84,835 1,831
TBA/MULTIZ 90,726 2,032
ProbConsRNA yield a similar distribution to TBA/MULTIZ, we obtain only half as many splids
≤ 5nt from Muscle, ClustalW, and all three Mafft algorithms. There is, however, no systematic
dependence on design features of the alignment methods such as global versus local alignments.
While the splid-based phylogenies are nearly perfect on simulated data, we observe larger de-
viations that depend at least in part on the alignment method when applying our approach to
real-life data. On the other hand, in real data sets we do not have an absolute ground truth to
compare to. Thus we discuss in following both the quality of the reconstructed phylogenies and
the position of interesting taxa in some detail.
The position of the placental root is still, at least to some extent, a matter of debate [279,
280, 288, 290, 375]. However, Mafft (default) as well as the majority of all alignment pro-
grams correctly positions Afrotheria outside of Boreoeutheria [311]. Only splid data obtained
from the Muscle, ProbConsRNA, and T-Coffee alignments places Afrotheria as sister group to
Laurasiatheria (ProbConsRNA and T-Coffee) or inside Euarchontoglires (Muscle). Not even the
original TBA/MULTIZ alignments contain enough supporting splids to position them outside of
Boreoeutheria, however.
The monophyly of Afrotheria and the positioning of tenrec basal to elephant and rock hyrax is
always recovered [10, 380], except by Mafft (default), which places tenrec basal to armadillo.
Three hypotheses concerning the positioning of Xenarthra are discussed in the literature:
(1) basal-Afrotheria ((Boreoeutheria, Xenarthra); Exafroplacentalia), e.g. [279, 288], (2) basal-
Boreoeutheria ((Afrotheria, Xenarthra); Atlantogenata), e.g. [436], and (3) basal-Xenarthra ((Bore-
oeutheria, Afrotheria); Epitheria), e.g. [212]. Splid data is clearly in favor of the basal-Xenarthra
hypothesis. Prank positions armadillo basal to Afrotheria, whereas ProbConsRNA and T-Coffee
place it basal to Laurasiatheria and therefore inside Boreoeutheria. No tree supports the ENCODE
guide tree which follows the basal-Afrotheria hypothesis.
Laurasiatheria are in most cases found to be monophyletic, with the exception of Prank, which
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Table 5.3: Overview of how the different monophyletic groups are recovered by the applied alignment tools. Trees were calculated on the small ENCODE data set,
using RAxML (splids ≥ 2nt, BINGAMMA model). For single taxa and groups with more than two members the position in the resulting tree is provided. For each
tree the symmetric difference (Robinson-Foulds distance), the quartets distance, and the normalized quartets distance to the ENCODE guide tree is given. Carn. =
Carnivora. “x” = correctly recovered, “-” = false positioning. See text for details.
ClustalW Dialign-TX Mafft Mafft/G-INS-i Mafft/L-INS-i Muscle Prank ProbConsRNA T-Coffee TBA/MULTIZ
Afrotheria x x - x x x x x x x
sister group to sister group to sister group to sister group to sister group to sister group to sister group to sister group to sister group to sister group to
Boreoeutheria Boreoeutheria Boreoeutheria Boreoeutheria Boreoeutheria Euarchontoglires Boreoeutheria Laurasiatheria Laurasiatheria Euarchontoglires
((elephant, rock hyrax), tenrec) x x - x x x x x x x
Xenarthra basal to basal to (basal to basal to basal to basal to basal to basal to basal to basal to
Epitheria Epitheria Epitheria) Epitheria Epitheria Epitheria Afrotheria Laurasiatheria Laurasiatheria Epitheria
Boreoeutheria x x x x x - x - - -
Laurasiatheria x x x x x x - x x x
Insectivora x x x x x x x x x x
Chiroptera x x x x x x x x x x
((rfbat, flying fox), sbbat) x x x x x x x - x -
Carnivora x x x x x x x x x x
sister group to
(Hystricognathi,
Sciurognathi)
horse (bats, horse) (Carn., horse) (bats, horse) ((bats, cow), (cow, horse) ((bats, cow), ((bats, cow), (((bats, cow), (cow, horse) (Carn., horse)
horse) horse) horse) Carn.), horse)
cow ((bats, horse), (((Carn., horse), (((bat, horse), (bats, cow) (cow, horse) (bats, cow) (bats, cow) (bats, cow) (cow, horse) (((Carn., horse),
cow) bats), cow) Carn.), cow) bats), cow)
Euarchontoglires x x x x x - x - - x
Glires x - - - - - x x - x
Rodentia - - - x x - x - - x
Muroidea x x x x x x x x x x
Rabbit sister taxon sister taxon to basal to sister taxon to sister taxon to basal to basal to in Rodentia; basal basal to basal to
to Muroidea tree shrew; basal Euarchonto- tree shrew; basal tree shrew; basal Euarchonta Rodentia to (Hystricognathi, Primata Rodentia
to Primata glires to Rodentia to Rodentia Sciurognathi)
Primata x x x x x x x - x x
Strepsirrhini x x x x x x x x x x
Platyrrhini x x x x x x x x x x
(((squirrel m, marmoset), x - - - - - - - x -
owl m), dusky titi)
Catarrhini x x x x x x x x x x
Cercopithecidae x x x x x x x x x x
(((baboon, macaque), - - - x x x x - x -
vervet), colobus)
Hominoidea x x x x x x x x x x
(((chimp, human), x x x x x x - - x -
orangutan), gibbon)
tree shrew in Glires; sister taxon to in Rodentia; sister taxon to sister taxon to basal to basal to basal to basal to basal to
basal to rabbit; basal basal to rabbit; basal rabbit; basal (Hystricognathi, Euarchontoglires Afrotheria and Afrotheria and Glires
(Hystricognathi, to Primata (Hystricognathi, to Rodentia to Rodentia Sciurognathi) Laurasiatheria Boreoeutheria
Sciurognathi) Sciurognathi);
RF distance (at most 66) 18 18 22 18 16 22 18 26 20 14
Quartets distance (at most 58,905) 2,314 2,980 3,052 2,664 2,043 7,024 4,028 9,714 9,458 3,932
Normalized Quartets distance 0.0393 0.0506 0.0518 0.0452 0.0347 0.1192 0.0684 0.1649 0.1606 0.0668
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Figure 5.3: Number of splids ≥ 2nt for the different alignment methods for the ENCODE data set containing
sequence information for all taxa.
places Insectivora basal to the remaining Boreoeutheria, and ProbConsRNA as well as T-Coffee,
where Afrotheria are incorrectly positioned. Monophyly is also preserved for the major orders In-
sectivora (Eulipotyphla), Chiroptera (except ProbConsRNA and T-Coffee), and Carnivora. There
is no clear result from splid data about the correct relationship within Laurasiatheria, which re-
sembles the conclusions obtained elsewhere [10, 311, 375], although it seems to be consensus that
Insectivora (Eulipotyphla) form the basal clade [375]. All alignment methods support this view,
except Mafft/G-INS-i and Prank.
The evolutionary history of bats has long been a subject of discussion, with conflicting hy-
pothesis depending on whether morphological or molecular data was employed. Earlier studies
either traditionally suggested the monophyly of the suborders Megachiroptera (megabats) and
Microchiroptera (microbats), e.g. [370], while other studies placed megabats together with the
rhinolophoid microbats (Yinpterochiroptera), with the remaining microbats forming the subor-
der Yangochiroptera, e.g. [174, 397]. Splid data derived from most of the alignment methods
support the novel view of chiropteran phylogeny and place Rhinolophus ferrumequinum together
with Pteropus vampyrus, while Myotis lucifugus (Vespertilionidae) is found basal to them. Only
ProbConsRNA follows the traditional view of a monophyly of megabats and microbats and is
therefore similar to the results of the TBA/MULTIZ alignments which also clearly resembles the
ENCODE guide tree.
The monophyly of Euarchontoglires (Euarchonta and Glires) could not be recovered from splid
data obtained from Muscle, T-Coffee, and ProbConsRNA, because of the wrongly positioned
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Figure 5.4: Cladogram with bootstrap values obtained from 100 rapid bootstrap inferences by RAxML (BINGAMMA)
on the small ENCODE data set. The alignment was created with Mafft/L-INS-i and splids ≥ 2nt were coded.
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Afrotheria, which also leads to a split of rodents (and therefore Glires) for Muscle and T-Coffee
data. However, all other alignment methods clearly support the monophyletic superorder Euar-
chontoglires.
Among all groups analyzed, Glires are the most problematic one. While in all cases close
taxa (e.g. Muridea) are found to be in a common subtree, monophyly was only recovered from
ProbConsRNA and Prank data. However, our results also reflect the unclear position of tree shrew.
While some authors place them basal to Glires, others consider them to be basal to Primata. Even
though our data set does not allow a clear conclusion, they are often found within or close to Glires.
Only Dialign-TX positions them basal to Primata, although with rabbit as sister taxon. Splid
data derived from ProbConsRNA and T-Coffee places them basal to (Afrotheria, Laurasiatheria)
and (Afrotheria, Boreotheria), respectively.
Almost all methods support the monophyly of Primates, as well as a monophyly of the respec-
tive sub- and parvorders. Only ProbConsRNA positions Strepsirrhini as sister group to Glires and
(Laurasiatheria, Afrotheria).
As a quantitatively evaluation of the mammalian tree we consider their RF and quartet distances
to the ENCODE reference tree, which – although not undisputed – well reflects the state of the
art in mammalian phylogeny. The ProbConsRNA tree is most different from the reference with
respect to both the RF and the quartet distance. Trees computed with T-Coffee and Muscle
are only slightly better. However, when comparing the values of the two metrics for the other
methods it becomes apparent that their results are quite different and show no clear correlation.
While the RF distances of the Mafft (default) and Muscle are similar, the quartet distance
Mafft (default) is smaller by about a factor of two. Overall, the Mafft/L-INS-i algorithm
clearly performed best, having the second lowest symmetric RF distance and a quartet distance of
only 3.5% if compared to the ENCODE reference tree (Figure 5.4). Surprisingly, trees based on
splids from ClustalW, Dialign-TX, and all three Mafft algorithms outperformed the guide tree
based TBA/MULTIZ alignments. The Probabilistic Alignment Kit Prank [242] has been advertised
to produce gap placements that are phylogenetic more consistent compared to other alignment
algorithms. In line with another recent study [85], we were unable to confirm this claim for our
data sets, however. We note, finally, that misplaced taxa in all trees generally had low bootstrap
support.
Large ENCODE data set. Because of the computational resources required by the phylogenetic
reconstruction we selected only two methods for comparison on the large ENCODE data set:
Mafft/L-INS-i was chosen because it performed best on the small set. In order to check whether
the increase in the size of the data set improves the performance we also included ProbConsRNA,
the method with the poorest performance on the small data set. In addition, we included the splid
set derived from the original TBA/MULTIZ alignment (Table 5.4).
An overall improvement was observed for both ProbConsRNA and Mafft/L-INS-i. Two prob-
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Table 5.4: Comparison of results for the large ENCODE data set. Splids ≥ 2nt were coded and trees were calculated
with RAxML using the Gamma model for binary data.
Mafft/L-INS-i ProbConsRNA TBA/MULTIZ
# sites 35,505,276 36,464,967 37,689,662
# splids 529,153 946,184 919,908
dRF 14 16 8
dQ 4,936 4,746 862
d′Q 0.0838 0.0806 0.0146
lematic nodes were observed in the data set, however. In the Mafft/L-INS-i tree Afrotheria are
now found as sister clade to Euarchontoglires even though they were placed in a more plausible
position in the small ENCODE set. Also, Mafft/L-INS-i places hedgehog and shrew outside
of Afrotheria and Boreoeutheria and does not even recognize them as sister taxa. On the other
hand, ProbConsRNA still positions Afrotheria as sister clade to Laurasiatheria and favors now an
implausible position of tree shrew basal to Afrotheria and Boreoeutheria. However, the split of
Euarchontoglires and (Afrotheria, Boreoeutheria) shows very low bootstrap support of 45. Of
all species included in the large ENCODE data set, tree shrew has by far the smallest sequence
coverage (approx. 10% of human), which likely contributes to its unstable position.
Unexpectedly, ProbConsRNA and Mafft/L-INS-i yield similar results in terms of tree distances.
For Mafft/L-INS-i, the Robinson-Foulds distance dropped only slightly (from 16 to 14) while
ProbConsRNA shows a much better result (from 26 to 16). On the other hand, a comparison based
on local similarity showed a different picture. The quartet distance of the Mafft/L-INS-i tree
increased, with its normalized value more then twice as large as for the small ENCODE data set
(was 0.0347, is 0.0838). The ProbConsRNA alignment-based tree, however, showed a normalized
quartet distance of less than a half when compared to the result on the small ENCODE data set
(was 0.1649, is 0.0806). Local as well as global similarity of the TBA/MULTIZ alignment-based
tree to the ENCODE guide tree increased when compared to the performance on the small data
set.
5.3.3 Enterobacteria
The length of the concatenated alignments of the Enterobacteria does not depend strongly on the
alignment method, see Table 5.5. Nevertheless, the number of obtained splids is very different.
More than twice as many splids could be found in ProbConsRNA and TBA/MULTIZ alignments,
respectively, than in the Mafft/L-INS-i alignments. Unfortunately, the rapid bootstrapping
algorithm in RAxML contained a bug and was not able to calculate bootstrap support for the
ProbConsRNA and TBA/MULTIZ splids.
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Table 5.5: Characteristics of the Enterobacteria data set. Splids ≥ 2nt were coded and trees were calculated using
the Gamma model for binary data implemented in RAxML.
Mafft/L-INS-i ProbConsRNA TBA/MULTIZ
# sites 4,131,192 4,449,170 4,547,794
# splids 19,448 47,757 51,077
For the splids obtained from the Mafft/L-INS-i alignments clear and distinct clusters could
be retrieved for all taxa which largely resemble the phylogenetic relationships previously reported
[215], see Figures 5.5 and 5.6. Members of the Salmonella genus form a clear cluster with sub-
species S. arizonae (subsp. IIIa) well separated from the S. enterica (subsp. I) lineage. Within the
S. enterica enterica subspecies similar serovars cluster together. Yersinia pestis is seen as a clone
of Yersinia pseudotuberculosis as they cannot be genetically distinguished [2, 1]. High bootstrap
values support the subtrees in which the two different strains are found to be monophyletic. Also
Y. enterocolitica is positioned basal and therefore clearly distinguishable from the two species.
Escherichia and Shigella are found in one common subtree and cannot be separated from each
other. This resembles the results found in several earlier studies [128, 195, 381] and further
supports the view that Shigella strains are in fact clones of E. coli. Enterobacter sp. is clearly
separated from Cronobacter sakazakii. This is also reported by Baldwin et al. [17] and reflects the
recent reclassification of the Enterobacter sakazakii species within the novel genus Cronobacter
[179].
5.4 Discussion
Indels are not features of individual sequences. Instead they are inferred by comparative analysis
and, in practice, appear as gaps in multiple sequence alignments. In some alignment methods
they are explicitly modeled and contribute to the score e.g. by means of affine gap costs. In other
approaches they are given only implicitly. It is not unexpected, therefore, that the number and
position of gaps depends quite strongly on the alignment algorithm. Nevertheless, gap positions
can be phylogenetically informative.
We have focused here on a subclass of indels, namely those which can be found in more
than one taxon and therefore define a split in the sequence set. Our definition and inference of
such split-inducing indels (splids) is based on two basic principles that are largely accepted in the
literature. First, indels at the same position, i.e. sharing the same end points in two sequences, are
likely homologous. Second, independent single-residue insertions and deletions tend to occur more
frequently than multi-residue indels. Hence they are expected to contribute a more noisy signal
and are therefore disregarded in our analysis. In addition, we employ technical conditions that
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Figure 5.5: Phylogram of Enterobacteria. The tree was calculated with RAxML (BINGAMMA model) based on the
Mafft/L-INS-i alignments. Only splids ≥ 2nt were coded.
help to reduce the noise introduced by single mis-aligned sequences, which are quite frequently
observed in genome-wide alignments.
We have tested the information content of splids on three simulated and three real-life data
sets and analyzed the capability of splids introduced by nine different alignment programs for
phylogenetic inference by maximum likelihood (ML). For artificial data sets, which are generated
from a known underlying phylogeny, we find that splid-based ML reconstruction leads to nearly
perfect trees. On the real-life data sets we observe larger discrepancies between different alignment
methods.
The splid-based phylogenies clearly recovered most of the undisputed monophyletic groups both
in the mammalian and the bacterial data sets. Although there are clear differences in the alignment
methods, the approach is surprisingly robust across a wide variety of alignment techniques. We
expected a large influence of the TBA/MULTIZ guide tree on the reconstructed phylogeny. However,
in particular for the indel-based approach, we observed that this effect is small when only splids
are considered.
All of the tools applied for realignment use some kind of internal guide tree, although they
employ different techniques to infer them. Dialign-TX, for instance, uses a guide tree based
on pairwise fragmented alignments. Muscle builds an UPGMA tree from common k-mers in
pairwise unaligned sequences. Prank calculates two (NJ) guide trees, one approximate from the
unaligned sequences and a second based on a temporary alignment which is based on the first tree.
Mafft, on the other hand, computes a guide based on the number of shared 6-tuples between
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Figure 5.6: Cladogram of the Enterobacteria data set with bootstrap support obtained from 100 rapid bootstrap
inference by RAxML (BINGAMMA model).
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Figure 5.7: Kernel density of normalized quartet distances d′Q between the guide tree for sequence simulation and
the ClustalW guide trees calculated during realignment of the simulated data set.
two (unaligned) sequences.
During realignment of each alignment block a new guide tree is calculated for each slice by
the respective tool. If the influence of the underlying tree (i.e. the guide tree employed in the
TBA/MULTIZ alignment or the tree used for sequence simulation) on the respective tool guide
trees and hence on the splid inferred tree would be large, distance between the underlying tree
and the guide trees calculated during realignment should already be small. However, we can not
observe such a connection. Figure 5.7 plots the kernel density estimate for the normalized quartet
distances between the guide tree employed in sequence simulation and all ClustalW guide trees.
These distances are generally much larger than the distances between the trees inferred from
splid data and the underlying (simulation) guide tree (mean = 0.0211), see Figure 5.2. Thus, we
consider the global influence of an underlying tree to be small.
Overall, alignment methods that put more emphasis on modeling indels, in particular those that
employ an affine gap cost model, perform superior to alignment algorithm that consider indels
only implicitly. For very large data sets, furthermore, we observe a decreasing influence of the
alignment algorithm.
As with all other phylogenetic approaches, taxon sampling has a major influence on branch
positions in very divergent taxonomic orders. This can been seen for example in the Laurasiatheria,
where a small set of closer related taxa (e.g. bats or Carnivora) are embedded in a larger set of
species more distantly related to the respective smaller subgroup. While the Chiroptera are always
monophyletic and the correct phylogenetic position within their subtree can be recovered, their
position within Laurasiatheria can not be unambiguously determined.
Increasing sequence length, and therefore splid information, does not necessarily lead to im-
proved trees. This effect is likely related to the observation that alignments computed for large
data sets have relatively large error rates, and maximum likelihood phylogenies computed on these
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alignments also have high error rates [236]. In the case of low but roughly equal sequence amount
for all taxa, the choice of the alignment algorithm, seems to have a higher effect within lower
taxonomic orders, while groups resembling higher taxonomic orders are relatively stable and mostly
correct positioned.
Supplementary Data. The supplementary material, in particular the source code for gappy,
all alignments, splid data, and inferred trees (cladograms and phylograms), can be found in the
electronic supplement accompanying the publication3.
3www.bioinf.uni-leipzig.de/Publications/SUPPLEMENTS/11-001
Chapter 6
The 7SK RNA System
6.1 Introduction
Vertebrate 7SK snRNA is a highly abundant non-coding RNA with a length of approximately
330nt [214, 277] with at least three different interacting protein partners. It is involved in the
regulation of the activity of the Positive Transcription Elongation Factor b (P-TEFb) [307] and
mediates the inhibition of the general transcription elongation factor P-TEFb by the HEXIM1/2
proteins (also known as CLP1, MAQ1, and EDG1), thereby repressing transcript elongation by
RNA Polymerase II [34, 105, 264, 265, 456]. A highly specific interaction with LARP7 (La-related
protein 7, also known as PIP7S), on the other hand, regulates its stability [153, 213, 256]. In
addition, 7SK RNA is capped at its 5’ end by a highly specific methylase MePCE, also known as
BCDIN3 [185].
While the sequence of the 7SK snRNA is extremely well-conserved across jawed vertebrates,
the sequence of the lamprey 7SK is highly divergent [144], and invertebrate 7SK RNAs were
recently found only using specialized sophisticated homology search techniques [141, 142]. The
latter study made extensive use of the fact that the 7SK genes feature a canonical class-3 pol-III
promoter structure [389]. Despite considerable efforts, phylogenetic distribution and evolutionary
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age of 7SK RNA remains uncertain because no homologs have been found so far in basal metazoan
lineages or in important invertebrate phyla such as Platyhelminthes and Nematoda.
Since 7SK RNA interacts specifically with HEXIM and LARP7, we survey here the phylogenetic
distribution of these proteins to determine in which organisms we can also expect a 7SK gene.
Additionally, we re-evaluate and refine the secondary structure model of Wassarman and Steitz
[428] as it contains the primary interaction sites with HEXIM and LARP7.
6.2 Materials and Methods
6.2.1 Homology Search for 7SK Protein Partners
For HEXIM1/2, LARP7, and MePCE/BCDIN3 we used TBLASTN [6] with a cut-off of E ≤ 10−3 to
search genomic DNA sequences starting from the human protein sequences. This search was com-
plemented by a PSI-BLAST search, using the NCBI webinterface. Additionally, available nematode
genome sequences were searched with a local (PSI-)TBLASTN, using the CLP1 protein of Brugia
malayi as query (NCBI Acc. No. XP 001897213). Possible hits were conceptually translated and
searched for introns with prosplign1. After translation into protein the sequences were searched
for domain annotations using the batch sequence search of Pfam [119] and subsequently aligned
using ClustalW and Muscle. A phylogenetic network analysis of HEXIM was performed using the
Neighbor-Net algorithm [53] with Hamming distances as implemented in SplitsTree (version
4.10) [173].
6.2.2 Homology Search for 7SK RNAs
Homology search was performed using BLAST, GotohScan [156], and Fragrep [273]. Based on
our experience with these approaches, and the previously known 7SK snRNAs, we constructed a
specialized automaton to recognize 7SK RNAs.
The automaton combines four separate rnabob [102] searches of the target genome and re-
quires some target-specific training that determines the stringency with which individual motifs
are searched. The steps of the automaton are as follows:
1. Promoter search.
2. Search for the highly conserved GATC motif.
3. Search for polyT as a possible termination signal.
4. Search for the highly conserved Stem 3 (M5).
The hits obtained from steps 2 to 4 are sorted by location and then filtered w.r.t. the respective
distance and secondary structure constraints. In particular, a stem-loop structure is required not
1http://www.ncbi.nlm.nih.gov/sutils/static/prosplign/prosplign.html
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more than 20nt upstream of the terminator, and two of the GATC motifs have to form an additional
hairpin.
In order to evaluate candidate sequences, we attempted to incorporate them into the se-
quence/structure alignment described below. In addition, promoter regions were compared with
those of other known pol-III transcripts of the same organism, in particular U3, U6, U6atac, RNase
MRP, and RNase P RNAs.
Structural Alignments of 7SK snRNAs were constructed manually, using the emacs editor
in the RNA-specific ralee mode [139]. Possible base pairing patterns were evaluated using the
Vienna RNA Package [164]. In particular, we employed RNAsubopt to determine energetically
plausible alternative secondary structures, RNAduplex to detect possible intra-molecular pairings,
and RNAalifold to compute overall consensus structures. For closely related organisms and local
regions of 7SK gene we furthermore used ClustalW to create sequence alignments and locarnate
[298] to construct structural alignments.
6.3 Results
6.3.1 Phylogenetic Distribution of HEXIM
Clear homologs of HEXIM were found across the whole metazoan tree, using known HEXIM1
protein sequences and TBLASTN. In particular, we identified unambiguous homologs in the poriferan
Reniera sp., the placozoan Trichoplax adhaerens, and the cnidarians Nematostella vectensis and
Hydra magnapapillata implying that HEXIM was present in the metazoan ancestor. On the other
hand, no homologs were detected in fungi, plants, and the choanoflagellate Monosiga brevicollis,
suggesting with the current methods that HEXIM is a bona fide animal innovation, see Figure 6.1.
Full alignments are available in the electronic supplement accompanying the publication (see
Section 6.4).
Interestingly, the WKPY motif of HEXIM’s 7SK binding domain is modified to YPxWK in flies.
Overall the motif is more degenerate in Protostomia compared to Deuterostomia, but remains
recognizable (see Figures 6.4a and 6.4b).
The only metazoan phylum with fully sequenced genomes in which we did not succeed in finding
HEXIM orthologs are the notoriously fast-evolving Platyhelminthes [223, 309]. In nematodes,
HEXIM was easily recognized in basal lineages such as Trichinella spiralis and Brugia malayi. On
the other hand, using TBLASTN, no homologs were found in Chromadorea, including C. elegans.
A PSI-BLAST search starting from Brugia HEXIM (XP 001897213), however, detected a single
unannotated putative C. elegans protein Y39E4B.6 (NP 499710). A multiple sequence alignment
strongly suggests that Y39E4B.6 is indeed the C. elegans HEXIM/CLP-1 homolog (see Figure 6.2).
Starting from here, we used TBLASTN to search for homologs in the other Caenorhabditis species,
and used the results to construct a PSSM for a PSI-TBLASTN search in additional nematode
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Figure 6.1: Distribution of HEXIM1/2, LARP7, MePCE/BCDIN3, and 7SK RNA. Complete proteins and 7SK RNA,
respectively, are indicated by a tick. Cases in which only a truncated protein sequence was found but both alignments
and the HMM analysis suggested a true candidate are marked with a circled tick. 7SK candidate sequences for
which not all features are present are indicated by a question mark. The black filled triangle indicates the HEXIM
duplication event. The presumed secondary HEXIM1 loss for Afrotheria and Xenartha is marked with a cross within
the taxonomic tree. The underlying tree follows a combination of the NCBI taxonomy, Blaxter et al. [33], Dunn
et al. [95], Holterman et al. [170], Mitreva et al. [269], and Webster et al. [432].
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Figure 6.2: Alignment of the 7SK associated protein HEXIM in nematodes. Conserved boxes known to be involved
in RNA-protein or protein-protein interaction are located at alignment positions 36, 43-50 (nuclear localization
signal) and around position 90 (P-TEFb binding site).
genomes. We remark that the NCBI EST database contains several HEXIM homologs from an
additional nematode (see supplementary material, Section 6.4).
Eutheria are well known to carry two HEXIM paralogs [57]. Marsupials (Monodelphis domestica)
also have clearly recognizable orthologs of both HEXIM1 and HEXIM2. On the other hand,
there is only a single copy of HEXIM in the genome of platypus (Ornithorhynchus anatinus). In
several eutherian genomes, only one of the two HEXIM paralogs was found, see Figure 6.1. This
could be an artifact caused by the low coverage and incomplete assemblies of the genomes in
question. It is surprising, however, that neither Afrotheria (Echinops telfairi, Loxodonta africana)
nor Xenarthra (Dasypus novemcinctus, Choloepus hoffmanni) contain a copy of HEXIM1. We
conclude that HEXIM was duplicated before the divergence of Metatheria and Eutheria, with a
possible secondary loss of HEXIM1 in some eutherian clades. Since the phylogenetic relationships
of the major Eutherian groups are under intense discussion [279, 280, 288, 290, 375], it remains
unclear whether the loss in Afrotheria and Xenarthra was independent, or whether these are sister
groups whose ancestor already lost HEXIM1.
HEXIM1 and HEXIM2 are always located very close to each other (from ∼10,000nt in Canis
familiaris up to ∼26,000nt in Myotis lucifugus) on the same chromosome (where sequence assem-
bly allows such observations). Comparing mammalian HEXIM1/2 proteins to HEXIMs of birds,
frogs, and fish (Gnathostomes) a much higher similarity of the ’single-copy’ HEXIM to HEXIM1 is
observed, see Figure 6.3. HEXIM2, as well as protostome HEXIM/CLP-1, contains several introns
(conserved at least from mice to humans [265]). In contrast, there are no introns in the HEXIM1
gene, suggesting that HEXIM1 derived from reverse transcription of HEXIM2. Surprisingly, the
intron-less copy evolved much more conservatively than the ancestral intron-containing template.
The fact that all mammals show this pattern indicates that a functional separation of the two
HEXIM variants occurred soon after the retroposition event before the radiation of the crown
100
HEXIM1
HEXIM2
Vertebrata
Hexapoda
Reniera
Ascaris
Tribolium
Apis
Aplysia
Nematostella
Hydra
Danio
Callorhinchus
Ornithorhynchus
Petromyzon
Trichinella
Ixodes
0.1
H2_Loxodonta
H2_Ochotona
H2_Echinops
H2_Otolemur
H2_Oryctolagus
H2_Myotis
H2_Erinaceus
H2_Sorex
H2_Canis
H2_Felis
H2_Dasypus
H2_Pan H2_Mus
H2_Rattus
H2_Spermophilus
D_grimshawi
D_ananassae
D_erecta
D_mojavensis
D_willistoni
D_persimilis
D_pseudoobscura
D_melanogaster
D_sechellia
D_simulans
D_yakuba
D_virilis
Culex Phlebotomus
Anopheles
Bombyx C_brenneriC_remanei
C_elegans
C_briggsae
C_japonica
Haemonchus
Brugia
Ancyclostoma
Crassostrea
Lottia
Saccoglossus
Ciona_intestinalis
Ciona_savignyi
Branchiostoma
Capitella
Gallus
H1_Ochotona
H1_Monodelphis
H1_Otolemur
H1_Erinaceus
H1_Microcebus
H1_Felis
H1_Equus
H1_Bos
H1_Myotis
H1_Pan H1_Pongo
H1_Homo
Oryzias
Xenopus_tropicalis
Xenopus_laevis
Anolis
Trichoplax
Pediculus
Aedes
Strongylocentrotus
Taeniopygia H1_Cavia
H2_Monodelphis
H2_Bos
H2_Equus
Gasterostreus
Takifugu
Tetraodon
H1_Canis
H1_Sus
H1_Mus
H1_Rattus
H1_Oryctolagus
H1_Sorex
Nasonia_girault
Nasonia_vitripennis
Acyrthosiphon
H2_Tupaia
H2_Microcebus
H2_Pongo
H2_Homo
H2_Macaca
H1_Macaca
Figure 6.3: Phylogenetic network of all metazoan HEXIMs computed by the Neighbor-Net algorithm with Hamming
distances as implemented in SplitsTree (v.4.10). The paralogous HEXIM1 and HEXIM2 groups, as well as the
close relationship of the protostomia HEXIMs, are very well supported. The split, illustrating the closer relationship
of HEXIM of fishes (magenta), amphibians (light blue), and birds (orange) to HEXIM1 of mammals is clearly
identifiable. Additional well supported groups are those of nematodes (red), drosophilids (green), and cnidarians
(dark blue). Due to their very basal position all other sequences can not be resolved any further. See electronic
supplement (Section 6.4) for the ClustalW source alignment.
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group mammals.
A comparison of all metazoan HEXIM proteins shows the high conservation of three motifs, see
Figure 6.4.
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Figure 6.4: Consensus sequence logo [77] of motifs 1 to 3 of all metazoan HEXIM/CLP-1 sequences. (a) The 7SK
binding domain of deuterostomes that overlaps a nuclear localization signal (NLS). (b) The WKPY motif within the
NLS is rearranged to YPxWK in flies. (c) The logo shows the sequence motif that contains the domain PYNT for
which has been shown that replacement of tyrosine or threonine in the motif of the human HEXIM1 suppresses its
capacity of binding P-TEFb. (d) Motif 3 overlaps helix α2 which is known to be involved in HEXIM dimerization
and Cyclin T binding. All alignments were created using ClustalW. Sequence logos were generated using WebLogo
(http://weblogo.berkeley.edu/).
Motif 1 consists of a basic domain that has been identified as the 7SK binding domain in human
HEXIMs [264, 457] and overlaps a nuclear localization signal [299], see Figure 6.4a. The
latter contains a C-terminal WKPY motif which is interestingly modified to YPxWK in flies, see
Figure 6.4b.
Motif 2 (APYNTTQFLM) is conserved in all Metazoa, see Figure 6.4c. It has been shown that
replacement of tyrosine or threonine in the PYNT motif in the human HEXIM1 suppresses
its capacity of binding P-TEFb [57, 264].
Motif 3 expresses a characteristic pattern of negative charged amino acids (glutamic acid and
aspartic acid) and overlaps helix α2 which is known to be involved in HEXIM dimerization
and Cyclin T binding [79], see Figure 6.4d.
6.3.2 Phylogenetic Distribution of LARP7
LARP7 has similarities to autoantigen La (also known as genuine La protein, Sjogren syndrome
antigen B (SSB)). Among the various La-related protein families, the LARP7 family is charac-
terized by its unique domain arrangement [42]. LARP7 proteins contain a La-domain (PFAM
PF05383) at their N-terminus followed by a well-conserved RNA recognition motif of type 1
(RRM1, PFAM PF00076), and an atypical RRM3 domain (PFAM PF08777), which is much less
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well conserved. A TBLASTN search for LARP7 revealed its existence in all major metazoan phyla,
including basal lineages such as Porifera, Placozoa, and Cnidaria. The LARP7 protein sequences
of protostomes and deuterostomes, respectively, are clearly distinguishable. Within each group,
they can be aligned unambiguously. For details see the supplementary material accompanying the
publication, Section 6.4.
Unambiguous LARP7 homologs were found in species in which we also found 7SK and/or
HEXIM, Figure 6.1, including the cnidarians Hydra magnapapillata and Acropora millepora. Ex-
cept for the previously known La domain proteins, we were not able to identify a LARP7 homolog
in nematodes, however. In several lophotrochozoans we did not find a LARP7 homolog. Given
the fact that genome assemblies of most lophotrochozoans is incomplete, this can presumably
be attributed to the lack of sequence information. An alignment of metazoan LARP7 proteins is
provided in the supplementary material, see Section 6.4.
6.3.3 Revised Secondary Structure Model of 7SK RNA
A complete alignment of all 79 7SK sequences, including the 5 nematode homologs, can be found
in the supplementary material accompanying the respective publication (see Section 6.4), unclear
candidates are excluded. The expanded collection of sequences provides sufficient information for
the construction of a global multiple sequence alignment. In contrast, previous studies [141, 142]
were content with local alignments of the best-conserved regions. Based on this alignment, a
much more comprehensive consensus structure model can be derived, see Figure 6.5b.
A comparison of the structure proposed for the human 7SK RNA based on chemical probing
[428] shows that most of our structure model is consistent with the previous proposal. There are,
however, several novel features that provide new insights into the function of 7SK RNA. Most
parts of the stems M3, M5, M7, and M8 were described previously and correspond to the stems 1,
3, 5, and 6 of Wassarman and Steitz [428], see Figure 6.5. Our re-evaluation of the invertebrate
data demonstrates that these stems are conserved and can be identified in all organisms. For a
more detailed description of the revised secondary structure see Marz et al. [257].
6.3.4 Homology Search for 7SK snRNAs
Due to the high sequence conservation across jawed vertebrates, the 7SK genes of newly sequenced
genomes such as Tupaia belangeri, Equus caballus, Tribolium castaneum, and Acyrthosiphon pisum
were easily retrieved by BLAST. In addition, several partial 7SK sequences were identified in the
NCBI sequences databases using the interactive BLAST facility: Platynereis sp. (EMBL acces-
sion number CT030666), Mytilus edulis (AM880723), Mytilus galloprovincialis (EH663179.1),
Petrolisthes cinctipes (CAYF7296.g3).
Nematoda. Recent studies failed to identify a 7SK ortholog in the phylum Nematoda [141, 142].
The unambiguous HEXIM (and MePCE/BCDIN3) homologs, however, motivated for a more
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(a) (b)
Figure 6.5: Revision of the human 7SK RNA secondary structure. (a) Proposal of Wassarman and Steitz [428]. (b)
Revised model obtained from this study. Substructures similar between the two models are highlighted in red. The
three pairing possibilities of stem M2 (M2a, M2b, and M2c, respectively) are also shown with alternatives M2b and
M2c marked by rectangular boxes. Images are modified from Marz et al. [257].
thorough search within nematodes using the approach described above.
The promoter-based search yielded a hit in C. briggsae that warranted detailed analysis. A
simple BLAST search showed that the sequence is well-conserved across the genus Caenorhabditis.
Although it is significantly shorter than other 7SK RNAs, it bears all hallmarks of a true 7SK
homolog: (1) M1 is structurally highly conserved. (2) It can form all three alternative helices
M2a/M2b/M2c. (3) M3 contains the highly conserved GAUC sequence. (4) M5 is usually a
GC-rich stem. (5) A polyT tail that is indicative of a pol-III terminator.
A subsequent BLAST search showed that nearly identical copies of the 7SK candidates reside
at two distinct loci (7SK-A and 7SK-B, respectively) in the genomes of C. elegans, C. briggsae,
C. remanei, and C. brenneri. Both loci are supported by RNAz in WormBase (RNAz-514034 and
RNAz-513873). The current genome assemblies of the C. remanei and C. brenneri genomes
contain two and three copies, respectively, of both loci, which are most likely assembly artifacts.
C. japonica only exhibits two closely spaced copies of the 7SK RNA gene. Despite the substantial
evolutionary distances between the Caenorhabditis species, the 7SK RNA genes at the two loci
do not form two clearly distinguishable paralogous groups, while the flanking sequences clearly
reflect a duplication event before the last common ancestor of C. elegans, C. briggsae, C. remanei,
and C. brenneri, see Figure 6.6. This indicates that the two 7SK loci are subject to some form of
concerted evolution, a phenomenon that is not uncommon among snRNAs [258].
Uncertain Invertebrate Candidates. The same approach that was successful for nematodes
was also used to search for all invertebrates species for which consensus pol-III motifs could
be derived from known ncRNA loci. Several candidates were found in Trichoplax adhaerens,
Reniera sp., Nematostella vectensis, and Strongylocentrotus purpuratus which lack at least one
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Figure 6.6: SplitsTree image of Caenorhabditis 7SK sequence alignment. The 7SK RNA genes do not form
clearly distinguishable paralogous groups. cbe = C. brenneri, cbr = C. briggsae, cel = C. elegans, cja = C. japonica,
cre = C. remanei.
of the seven features described above, however. The best candidates are compiled in the electronic
supplementary material (see Section 6.4).
6.4 Discussion
The regulation of transcriptional elongation by 7SK involves at least two protein partners that
interact with the 7SK snRNA in a highly specific fashion: HEXIM and the La-protein LARP7.
According to our data, both proteins are metazoan innovations: LARP7 homologs are found in
most metazoan clades, with the exception of the two most basal lineages (sponges and placozoans)
and two rapidly evolving protostome phyla (Nematoda and Platyhelminthes). On the other hand,
we did not find clear LARP7 homologs outside the Metazoa. The two La proteins p43 and p65 in
ciliates show similarities with LARP7 [42], but probably evolved independently. The picture is even
clearer in the case of HEXIM. With the exception of Platyhelminthes, unambiguous homologs, in
most cases as single copy, are found in animals and only in animals.
In contrast, the Methylphosphate Capping Enzyme (MePCE) which has been described as a
possibly 7SK-specific capping enzyme only recently [185], has a much broader phylogenetic dis-
tribution. It is homologous to BCDIN3 (bicoid-interacting protein 3) of Drosophila, which in turn
has homologs in both plants (e.g. Arabidopsis thaliana) and fungi (Schizosaccharomyces pombe,
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and Laccaria bicolor, XP 001879607, but not Saccharomyces cerevisae). For completeness, we
recorded MePCE genes across Metazoa, Figure 6.1. The wide-spread phylogenetic distribution,
however, suggests that MePCE/BCDIN3 also has other important functions beyond its interaction
with 7SK RNA and thus may not be a good indicator for the presence of the 7SK system.
Our refined searches were successful in identifying previously undescribed HEXIM and 7SK RNA
homologs in nematodes.
In Platyhelminthes, none of the components of the 7SK-based regulation system have been
identified, suggesting that the entire mechanism might have been lost in this phylum. Due to the
rapid evolution of Platyhelminthes and the incompleteness of the genome assemblies, however, it
is possible that HEXIM, LARP7, and 7SK RNA are present in the genomes of these species but
have diverged beyond recognition.
Taken together, our data provide compelling evidence that 7SK-mediated regulation of tran-
scriptional elongation is a metazoan innovation and is (nearly) ubiquitously employed in the animal
clade.
Supplementary Data. All alignments, the additional nematode sequences, the applied PSSM,
accession numbers, and sources of genomes can be found in the electronic supplement accompa-
nying the publication2.
2www.bioinf.uni-leipzig.de/Publications/SUPPLEMENTS/09-010
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Chapter 7
Patterns of Rate Variation
The approach presented in the following is still ongoing work. Thus, it is far from being applicable
on a larger scale. However, we think the method is worth of mentioning as it gives another good
example of the wealth of possible markers inferable from sequence data. Although, it is certainly
not detectable in a single individual (sequence). In fact, while two sequences can be sufficient to
identify the previously discussed gaps/indels, the “character” discussed here can only be detected
through the comparison of at least three sequences.
7.1 Introduction
Scanning alignments for conserved patterns has become a common approach in identifying novel
functional elements. Indeed a number of attempts have been made to detect non-neutral evolution
in a given alignment, see [310] for an overview. This technique makes use of the observation that
evolution is not acting uniformly across a genome and between different lineages. There are
numerous examples of regions with a different rate of evolution than assumed under a neutral
evolutionary drift, e.g. transcription factor binding sites and microRNA target sites [26, 187, 274].
In addition, different patterns of mutation rates can be detected in ncRNA genes and protein-
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coding genes, as they can contain conserved boxes and regions of structural importance.
However, there is no reason why conservation should be restricted to functional elements only
[259]. Albeit the rate of sequence change is considerably slower in selected than in non-selected
regions and DNA segments under selection (i.e. functional sequences) show significantly higher
similarity than non-selected regions, orthologous genes will share high similarity even in unselected
regions for some period of time. Similarly, lineage specific regions exhibiting an accelerated rate
of evolution can be detected [202].
The concept to accommodate for variable rates among sites in a likelihood model has been
introduced by Yang and co-workers, see Section 2.4.4. Using a statistical distribution to model
rate variation, they accounted for positive selection through branch, site, and branch-site specific
models for tree inference by maximum likelihood on amino acid/codon sequences. Interestingly,
it is possible to align sequences based on the evolutionary rates of codons [96].
Here we lay out the idea for a method that uses conserved/accelerated regions of an alignment
to support and/or infer a phylogenetic hypothesis.
7.2 Methods
Given a previously computed alignment A withm sites, some model of neutral evolution, i.e. a tree
T with branch lengths t in units of expected substitutions per site, some background nucleotide
frequencies, and a substitution rate matrix Q, we are interested in patterns of rate variation within
A that support one or more subtrees (i.e. those with at least two ancestor nodes) of T . From
this point of view, the approach is somewhat similar to the two-sided subtree test of Pollard et al.
[310]. However, we focus on a practical method to find all those conserved/accelerated regions of
an alignment that support a subtree by constituting a pattern-like expression rather than testing
only a single branch defined by the user.
We apply a maximum likelihood approach as it has been shown that it works slightly better
than comparable methods. Pollard et al. [310] employed three different tests to detect conserva-
tion/acceleration in subtrees: (i) a likelihood ratio test, (ii) a test based on the distribution of the
number of substitutions per side, and (iii) a score test. All showed almost similar power. However,
the likelihood ratio test yielded a slightly higher power for subtree specific conservation than the
other two.
As pointed out briefly in Section 2.4.4, the likelihood function implicitly assumes a constant
rate of evolution. However, we can account for rate variation by introducing an additional non-
negative scaling factor σ in the calculation of the transition probability matrix P from the rate
matrix Q in Equation (2.23):
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Figure 7.1: Two different scaling factors are used for the lnL calculation of a given tree. If the region defined by
subtree Ti and alignment block Akl exhibits a different evolutionary rate than σ 6= σ
∗ (σ > σ∗ if Aikl is subject to
conservation and σ < σ∗ in case of acceleration). Left panel: Example tree T with branch lengths t. Subtree Ti is
determined by node z. Right panel: Sites k and l define alignment block Akl of A.
P(t, σ) = eQtσ = UeΛtσU−1
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Now we can allow σ to differ in an alignment region and subtree under consideration, to account
for site and lineage specific rate variation: Scaling factor σ∗ is specific for some window Aikl, which
defines a subregion of the alignment A from site k to l, and a subtree Ti, defined by an inner
node i of tree T . On the other hand, scaling factor σ applies to the rest of the tree and alignment
“surrounding” Aikl, see Figure 7.1.
We use a likelihood-ratio test (LRT) to compare the alternative model (θ1) that accounts for
rate variation in Aikl (i.e. σ 6= σ∗) to the null hypothesis (θ0) which assumes a single rate for the
whole tree (i.e. σ = σ∗):
Λ = 2[lnL(θ1)− lnL(θ0)] (7.2)
The likelihood estimates are obtained by applying Felsenstein’s pruning algorithm [115] to each
site for which independence is assumed in the calculation. To obtain the final score their log
likelihood (lnL) values are summed up. Calculation of the scaling factors is done numerically by
applying a Newton-Raphson algorithm.
Note that θ1 is nested within θ0 with one additional free parameter. Therefore, we can assume
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a χ21-distribution of the scores obtained by the LRT. From the χ
2
1-distribution we can infer approxi-
mate p-values which are negated in the case of acceleration. By scanning the whole alignment in a
sliding window approach, we are able to detect region specific conservation as well as acceleration.
To account for multiple hypothesis testing Bonferroni correction is applied [101]: β = α/n,
where n is number of tested motif sites times the number of inner nodes of T and α = 0.05. While
we are aware of the drawbacks of using this method, it is sufficient to obtain a reasonable estimate
of how the scores behave along T and A. However, suitable strategies have to be considered when
the same data set is repeatedly analyzing using different window sizes.
We have implemented a preliminary version of the approach presented above. Based on a given
alignment, some evolutionary model, and a user-defined tree, the algorithm aims to detect all
regions of rate variation and presents the result in a graphical overview. Likelihood calculation,
however, is computational expensive, especially in our attempt to find not only a single but possi-
bly all regions with rate variation along a subtree and alignment. Therefore, a number of tweaks
have been employed to improve the performance of the algorithm. For instance, parameter esti-
mation of alignment columns with equal pattern is only performed once during score calculation.
Diagonalization of the rate matrix also has to be done only once as it can be used for subsequent
calculations of the transition probability matrix.
Currently, the algorithm is implemented for nucleotide alignments (DNA and RNA) only. In
default mode, gaps, frayed alignment ends, and arbitrary bases are treated as missing data and
the respective columns are removed from the analysis. However, if the evolutionary model and the
background frequencies provided by the user account for gaps, only columns containing arbitrary
bases are removed.
The program is written in C++ and makes use of the Bio++ [98] and the boost C++ libraries1.
The parallel version additionally uses OpenMP. The source code is freely available from the author
upon request.
Simulation of rate variation. In order to test if the method is able to detect region-specific ac-
celeration and/or conservation, we simulated two alignments, using INDELible V1.03 [121]. Each
alignment is composed of two 50nt partitions evolving according to the Jukes-Cantor model along
a unrooted binary tree with fixed branch lengths. The first alignment contains four species, Fig-
ures 7.2a and 7.2b, the second eight species, Figures 7.3a and 7.3b. In each partition, the branch
lengths are chosen to represent a bipartition of the tree in a fast evolving (branch lengths: 0.75)
and a conservative evolving (branch lengths: 0.05) subtree. The branch lengths are switched in
the second partition. For instance, the first 50nt of sequence a of the four species tree are evolving
slowly (Figure 7.2a), while the last 50nt are subject to an accelerated evolution (Figure 7.2b).
From the resulting alignments the “true” substitution rate matrix and the nucleotide equilib-
rium frequencies were estimated using phyloFit [368] and used as model parameters in the rate
1http://www.boost.org/
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(a) (b) (c)
Figure 7.2: Four species guide trees. (a) and (b) show the guide trees employed in sequence simulation. (a) The
first 50nt partition of sequences a and b evolves slower than in sequences c and d. This is switched for the second
partition (b). (c) The guide tree used for the detection of the rate variation is based on the average branch lengths
of the two trees used for sequence simulation.
variation analysis. Currently, the method still relies on a user-defined tree for inferring rate varia-
tion. We use a tree whose branch lengths are calculated from the average branch lengths of the
simulation guide trees (Figures 7.2c and 7.3c).
(a) (b) (c)
Figure 7.3: Eight species guide trees. (a) and (b) show the guide trees employed in sequence simulation. (a) The
first 50nt partition of sequences a – d evolves slower than in sequences e – h. This is switched for the second
partition (b). (c) The guide tree used for the detection of the rate variation is calculated from the average branch
lengths of the two trees used for sequence simulation.
7.3 Preliminary Results and Discussion
The simulated sequence alignments were scanned, using different window sizes from 10nt to 60nt
in steps of 5nt. The results for the small alignment (four species) are exemplified in Figures 7.4
– 7.6 and for the large alignment (eight species) in Figures 7.7 and 7.8. For each subregion Aikl,
112
window size:  10
Subtree defined by node 2
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  10
Subtree defined by node 5
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  10
Subtree defined by node 6
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
Figure 7.4: The four species tree based alignment, scanned with a window size of 10nt. No significant rate variation
can be detected.
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Figure 7.5: The four species tree based alignment, scanned with a window size of 15nt. A number of windows
(starting at sites 23 to 27) detect regions of accelerated evolution (red bars above columns) in sequences c and d.
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Figure 7.6: The four species tree based alignment, scanned with a window size of 50nt. The four parts of the
simulated alignment are clearly recognizable. Accelerated evolution (red) is detected in the first half of sequences c
and d as well as in the second half of the subset defined by sequences a and b. A reduced rate of evolution (blue),
on the other hand, can be found in the first part of sequences a and b as well as in the last part of sequences c and
d. Largest significance scores are found at the beginning of each partition.
113
defined by a subset of the sequences (indicated by bold branches) and the applied window, the
approximate p-values are noted above the first site included in the respective region. Gray bars
indicate no significant rate variation for Aikl. Regions with significant acceleration and conservation
are marked by red and blue bars, respectively.
For the small data set, a window size of 10nt is not sufficient to detect significant rate variation
within the alignment (Figure 7.4) as the signal is suppressed by the surrounding data. However,
increasing the window size only slightly allows the identification of a region of interest (Figure 7.5).
Predicted p-values increase with larger window (see Appendix Figures D.1 – D.3). The closer the
window is to the region of rate variation the stronger the signal becomes and the rate change
can be detected more accurately. Highest p-values are reported when using a window of ex-
act the same size as the region(s) of interest (Figure 7.6). A window size larger than the region
of rate variation (i.e. >50nt) results in a decrease of the reported scores (see Appendix Figure D.4).
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TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
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ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
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.........10........20........30........40........50........60........70........80........90........100
sig
Figure 7.7: The eight species tree based alignment, scanned with a window size of 10nt. A region of accelerated
evolution (red) in the sequence subset a, b, c, and d can already be detected, starting at site 53.
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ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
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Figure 7.8: The eight species tree based alignment, scanned with a window size of 10nt. Accelerated and conservative
parts of the alignment exhibit high p-values, with highest scores found at beginning of the “true” region of rate
variation. Subsets including only two of the four sequences with accelerated evolution also possess high scores (e.g.
sequences g and h).
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The results obtained from the simulated alignments containing eight species are similar to those
of the smaller data set (Figures 7.7 and 7.8). However, a window size of 10nt is sufficient to detect
a significant acceleration in the subset defined by sequences a – d. Again, p-values increase with
a window size closer to the “true” region of simulated rate variation (50nt). If the window size in-
creases even more (i.e. ≥ 50nt), p-values decrease again (see Appendix Figures D.5 – D.7). With
increasing window size, even smaller sequence subsets (e.g. the subset including only sequences g
and h in Figure 7.8) exhibit a strong signal. However, p-values are lower than in the “true” subset.
The preliminary results presented above show that, in principle, it is possible to group lineages
according to the evolutionary rate acting on certain sequence regions. This can be applied, for
instance, to detect regions with a change of function, i.e. the appearance of novel genes or protein
domains [27, 39, 468] or the loss of function after duplication. In fact, these regions can be utilized
to support, or by testing alternative topologies reject, nodes of a phylogenetic tree. Consequently,
it might even be possible to infer a phylogeny based on rate variation patterns only.
At the moment, however, the approach can merely be seen as a proof of concept. Further
studies and thorough simulations on larger data sets are necessary for a statistical assessment of
the results.
Chapter 8
Conclusion
Sequence comparison to untangle relationships between species has proven to be sufficient in many
cases. Primary sequence-based analyses, however, can sometimes still be ambiguous. Therefore
additional markers are necessary. This thesis presented a number of approaches that allow the
extraction of phylogenetically informative characters from sequence data.
Chapter 3 outlines a pipeline for metazoan mitochondrial genome annotation. A correct gene
designation is the prerequisite for all downstream analyses, such as genome rearrangement studies
and sequence and structure-based tree reconstruction. The MITOS pipeline is able to identify dis-
tant homologs, allowing for an improved automated de novo genome annotation and correction
of existing annotations, and hence facilitates phylogenetic tree inference.
While mitochondrial sequence and structure variation might be effectual to resolve deeper
branches, variability on these levels is insufficient for small and large scale population analyses.
However, the identification of appropriate markers is necessary to understand inter- and intraspe-
cific diversity. The analysis of the D-loop region of Bombina bombina (Chapter 4) demonstrated
the existence of such markers which allowed for the characterization of two mitochondrial lineages
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and suggest the applicability to resolve small and large scale population structure.
Ignored at first, gaps/indels have been used as molecular markers to support splits in trees
inferred from single gene analysis. More recent studies on a larger scale showed that they can
contain a phylogenetic signal. Which is remarkable, given that gaps are not features identifiable
from individual sequences but result from sequence comparison only. The method developed in
Chapter 5 utilizes a sub-class of indels that define a reasonable binary split among taxa. The
method has been tested, using numerous alignment algorithms and different artificial as well as
real life data sets. While maximum likelihood tree reconstruction leads to nearly perfect trees for
the simulated data, clear alignment algorithm-dependent differences can be seen for the real life
data sets. Nevertheless, the approach is surprisingly robust and recovers most of the undisputed
monophyletic groups.
These results illustrate possible pitfalls of employing characters of higher order as markers for
the inference of phylogenetic hypotheses. While their value is undisputed, a utilization should, as
with all markers, be done carefully. Obtained results clearly depend on the applied methods and
can even be misleading.
Gaps, for instance, are clearly not part of the sequence but the results of an alignment algorithm.
Thus, while most of the applied multiple sequence alignment tools can agree on a hypothesis (e.g.
Yinpterochiroptera/Yangochiroptera versus Megachiroptera/Microchiroptera), they can also lead
to different results (e.g. the relationship of major groups within Laurasiatheria).
Chapter 6 presents another good example of possible pitfalls, especially of marker genes and
gene networks in connection with sequence-based analysis.
The 7SK RNA interacts with at least three known protein binding partners. In principle, the
finding of its partners can be used as an indicator for the 7SK system. Furthermore, duplication
events of single genes (HEXIM) can be used as marker for the eutherian clade. Whereas the 7SK
system itself can be used as marker to define the metazoan clade.
This approach, however, bears a number of problems. First, a poor sequence conservation can
complicate the identification of homologous genes. A number of studies and sophisticated search
techniques were necessary to identify distant copies of the 7SK snRNA and its protein binding
partners. While it seems clear that the 7SK RNA (system) is an animal invention, some of the
known components are still missing in the analyzed metazoans.
Second, the evolutionary dynamics can be quite confusing and the observed presence/absence
pattern of a gene can be misleading, resulting in inconsistent hypotheses. HEXIM1 arose through
reverse transcription of HEXIM2, as the missing introns suggest. The duplication presumably
happened before the Eutheria/Metatheria divergence. Thus, it seems clear that HEXIM1 is evo-
lutionary younger than HEXIM2, which, similar to protostome HEXIM/CLP-1, possesses introns.
However, HEXIM of birds, frogs, and Gnathostomes is more similar to HEXIM1, suggesting a more
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conservative evolution of HEXIM1 when compared to HEXIM2. Moreover, HEXIM2 can only be
found in Eutheria and HEXIM1 is present in Monodelphis domestica but not in Xenarthra and
Afrotheria. This shared absence of HEXIM1 could be seen as a support for the basal-Boreoeutheria
hypothesis ((Afrotheria, Xenarthra); Atlantogenata). However, splid data, see Chapter 5, is clearly
in favor of the basal-Xenarthra hypothesis ((Boreoeutheria, Afrotheria); Epitheria), suggesting an
independent secondary loss of HEXIM1 in Afrotheria and Xenarthra.
Third, the selection of marker genes is important. While MePCE is part of the 7SK system,
it has a much broader phylogenetic distribution. Thus, it seems to be no useful indicator for the
presence of the 7SK RNA system.
Finally, the assembly status genomes can be a problem even for markers of higher order. None
of the components of the 7SK-based regulation system could be identified in Platyhelminthes,
suggesting that the entire mechanism might have been lost in this phylum. Due to the rapid
evolution of Platyhelminthes and the incompleteness of the genome assemblies, however, it is
possible that HEXIM, LARP7, and 7SK RNA are present in the genomes of these species but have
diverged beyond recognition.
Hence, analyses based on markers of higher order face similar problems as morphology and
sequence-based studies. Most importantly, basically all higher order characters rely on a correct
identification of orthologs on the sequence level, e.g. gene networks, metabolic pathways, and
introns. However, even slight changes in the coding sequence can lead to neofunctionalization,
[193].
A well known example is the Drosophila gene fushi tarazu (ftz). First identified as a “pair-
rule” segmentation gene [418, 419], it now seems clear that ftz originated from a Hox gene in
the arthropod ancestor [4, 5, 154, 399]. Hox genes determine the body plan, i.e. the segment
structure, throughout the Metazoa, see e.g. [86, 357]. While it has been shown that multiple
independent changes led to the generation of ftz from Hox genes, its new function is basically
determined by only two very short sequence motifs [154].
Another interesting example is the Xist ncRNA, which is unique to placental mammals and
triggers transcriptional inactivation of one female X chromosome. The Xist ncRNA has been
found to contain two exons that have been derived from Lnx3, a protein coding gene in Eutheria
[97]. Thus, Xist may have originated in part from Lnx3.
Taken together, markers of higher order certainly have the capability to support a given tree
and can even lead to interesting new results. However, as with all characters, they should always
be employed carefully and in combination with other markers.
With the advent of low-cost high-throughput sequencing an overwhelming amount of data
became suddenly available. Certainly, this will lead not only to the identification of novel markers
but also to a feasible application of current approaches, such as the concept of rate variation
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introduced in Chapter 7. In close connection to this progress, a further discussion of the character
concept will be mandatory.
Moreover, methods for the combined analysis of heterogeneous data sets, e.g. sequence-based
analysis in conjunction with genome rearrangement methods, will have their impact on phyloge-
netic inference and will lead to an improved tree resolution.
In the long term, increasing computational power and novel gene analysis techniques will permit
the utilization of gene content methods and methods based upon them, such as gene networks,
for eukaryotes.
Final Remarks
Every now and then a novel marker is introduced in the literature with great confidence in its ability
to resolve all remaining questions of evolutionary relationship. Examples include the comparison of
nucleic and amino acid data, indels, and mitochondrial genes (sequence and gene order) which led
to unsuspected results and a revision of large parts of the Tree of Life. However, using additional
characters and even more sequence data could not (sufficiently) solve all questions and it seems
clear that no single marker ever will. Nevertheless, these characters certainly will continue to have
their impact in further elucidating the Tree of Life and as a whole may one day solve one of the
fundamental problems in biology.
Appendices
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AppendixA
Annotating Metazoan Mitogenomes
Table A.1: A selection of different gene names used RefSeq annotations. These include not only misspelled, e.g.
apt6, but also confusing designations, e.g. cob for cox2. For tRNAs only tRNA cysteine is given as an example.
X ∈ {1,2,3,4,4L,5,6}.
Gene selected additional RefSeq designations
atp6/8 ATP 6/8, ATPase 6/8, apt6/8
cob cytb, cytB, Cyt b, Cytb, Cyt B, CytB, CYTB, CTYB
cox1 CO1, COX1, COI, CoxI, COX1 C
cox2 CO2, COX2, COII, CoxII, Cox2, cob
cox3 CO3, COX3, COIII, CoxIII
nadX NDX, NADHX
rrnS rns, rrns, 12S rRNA, 12S ribosomal RNA, srRNA, rnr1, Rnr1, RNR1, ssu
rrnL rnl, rrnl, 16S rRNA, 16S ribosomal RNA, lrRNA, rnr2, Rnr2, RNR2, lsu-rRNA
trnC tRNA-Cys, trnC, trnC-gca, trnC(gca), trnC(GCA), Trnc, TrnC, TRNC
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Table A.2: Gene nomenclature used by MITOS.
MITOS Approved Name - Human Gene Nomenclature
trnA mitochondrially encoded tRNA alanine
trnC mitochondrially encoded tRNA cysteine
trnD mitochondrially encoded tRNA aspartic acid
trnE mitochondrially encoded tRNA glutamic acid
trnF mitochondrially encoded tRNA phenylalanine
trnG mitochondrially encoded tRNA glycine
trnH mitochondrially encoded tRNA histidine
trnI mitochondrially encoded tRNA isoleucine
trnK mitochondrially encoded tRNA lysine
trnL1 mitochondrially encoded tRNA leucine 1 (UUA/G)
trnL2 mitochondrially encoded tRNA leucine 2 (CUN)
trnM mitochondrially encoded tRNA methionine
trnN mitochondrially encoded tRNA asparagine
trnP mitochondrially encoded tRNA proline
trnQ mitochondrially encoded tRNA glutamine
trnR mitochondrially encoded tRNA arginine
trnS1 mitochondrially encoded tRNA serine 1 (UCN)
trnS2 mitochondrially encoded tRNA serine 2 (AGU/C)
trnT mitochondrially encoded tRNA threonine
trnV mitochondrially encoded tRNA valine
trnW mitochondrially encoded tRNA tryptophan
trnY mitochondrially encoded tRNA tyrosine
rrnS mitochondrially encoded 12S RNA
rrnL mitochondrially encoded 16S RNA
atp6 mitochondrially encoded ATP synthase 6
atp8 mitochondrially encoded ATP synthase 8
(atp9 mitochondrially encoded ATP synthase 9)1
cob mitochondrially encoded cytochrome b
cox1 mitochondrially encoded cytochrome c oxidase subunit I
cox2 mitochondrially encoded cytochrome c oxidase subunit II
cox3 mitochondrially encoded cytochrome c oxidase subunit III
nad1 mitochondrially encoded NADH dehydrogenase 1
nad2 mitochondrially encoded NADH dehydrogenase 2
nad3 mitochondrially encoded NADH dehydrogenase 3
nad4 mitochondrially encoded NADH dehydrogenase 4
nad4L mitochondrially encoded NADH dehydrogenase 4L
nad5 mitochondrially encoded NADH dehydrogenase 5
nad6 mitochondrially encoded NADH dehydrogenase 6
1 ATP9 is not found in human and therefore not part of the official hu-
man gene nomenclature [417].
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Table A.3: Overview of re-annotation results of genomes found in RefSeq 44 but not RefSeq 39. Note that
corresponding pair with different type are counted twice. Strand diff = prediction of the respective gene on the
opposite strand. FP = False positives. FN = False negatives.
Gene Equal strand diff FN FP different gene
trnA 197 - 3 - 3
trnC 195 2 - 1 3
trnD 196 - 3 1 4
trnE 188 2 5 1 9
trnF 198 1 2 1 2
trnG 199 - 1 1 1
trnH 199 - 1 2 3
trnI 193 - 6 1 3
trnK 199 - 1 5 2
trnL1 154 1 1 5 59
trnL2 152 2 4 1 71
trnL - - 1 - 58
trnM 209 - 2 4 1
trnN 198 1 0 1 -
trnP 197 2 2 2 2
trnQ 191 2 4 3 7
trnR 194 1 3 2 3
trnS1 147 1 3 2 48
trnS2 162 - 1 4 36
trnS - - 3 - 65
trnT 195 1 5 2 5
trnV 197 - 5 1 3
trnW 199 - 0 1 1
trnX - - 0 17 -
trnY 194 3 3 1 -∑
4,153 19 59 59 389
rrnS 206 1 3 1 3
rrnL 224 - 8 - 28∑
430 1 11 1 31
atp6 203 - - - 4
atp8 177 1 - 12 11
atp9 1 - - - -
cob 204 - - 11 1
cox1 201 - - 4 3
cox2 205 - - 1 -
cox3 202 - - 3 3
nad1 208 - - 2 1
nad2 204 - - 11 3
nad3 210 1 1 1 1
nad4 207 - - 8 7
nad4L 205 - - 2 3
nad5 206 - - 6 13
nad6 204 - 1 1 4∑
2,637 2 2 62 54
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Figure A.1: Exemplary result page of the MITOS webserver. Apart from the graphical overview, the user can
download the results in various file formats.
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Figure A.2: MITOS score distribution on the validation data sets. “2nt” = scores on the data set preserving the
dinucleotide frequency, “3nt” = scores on the data set preserving the trinucleotide frequency, “RefSeq 44” = scores
on the data set comprising the sequences of metazoan mitogenomes which are new in RefSeq 44 when compared
to RefSeq 39.
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Figure A.2: (continued) MITOS score distribution on the validation data sets. “2nt” = scores on the data set
preserving the dinucleotide frequency, “3nt” = scores on the data set preserving the trinucleotide frequency, “RefSeq
44” = scores on the data set comprising the sequences of metazoan mitogenomes which are new in RefSeq 44 when
compared to RefSeq 39.
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Figure A.2: (continued) MITOS score distribution on the validation data sets. “2nt” = scores on the data set
preserving the dinucleotide frequency, “3nt” = scores on the data set preserving the trinucleotide frequency, “RefSeq
44” = scores on the data set comprising the sequences of metazoan mitogenomes which are new in RefSeq 44 when
compared to RefSeq 39.
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Figure A.2: (continued) MITOS score distribution on the validation data sets. “2nt” = scores on the data set
preserving the dinucleotide frequency, “3nt” = scores on the data set preserving the trinucleotide frequency, “RefSeq
44” = scores on the data set comprising the sequences of metazoan mitogenomes which are new in RefSeq 44 when
compared to RefSeq 39.
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Figure A.2: (continued) MITOS score distribution on the validation data sets. “2nt” = scores on the data set
preserving the dinucleotide frequency, “3nt” = scores on the data set preserving the trinucleotide frequency, “RefSeq
44” = scores on the data set comprising the sequences of metazoan mitogenomes which are new in RefSeq 44 when
compared to RefSeq 39.
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Figure A.2: (continued) MITOS score distribution on the validation data sets. “2nt” = scores on the data set
preserving the dinucleotide frequency, “3nt” = scores on the data set preserving the trinucleotide frequency, “RefSeq
44” = scores on the data set comprising the sequences of metazoan mitogenomes which are new in RefSeq 44 when
compared to RefSeq 39.
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Figure A.2: (continued) MITOS score distribution on the validation data sets. “2nt” = scores on the data set
preserving the dinucleotide frequency, “3nt” = scores on the data set preserving the trinucleotide frequency, “RefSeq
44” = scores on the data set comprising the sequences of metazoan mitogenomes which are new in RefSeq 44 when
compared to RefSeq 39.
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Figure A.3: These plots enable the user to assess the protein annotations by MITOS. “norm” = scores of the initial
hits found for the 13 protein coding gene families in the mitogenomes of RefSeq 39, “cut” = scores on the RefSeq 39
mitogenome sequences without the corresponding genes, “shuffle” = scores on the RefSeq 39 mitogenome sequences
after trinucleotide frequency preserving permutation.
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Figure A.3: (continued) These plots enable the user to assess the protein annotations by MITOS. “norm” = scores
of the initial hits found for the 13 protein coding gene families in the mitogenomes of RefSeq 39, “cut” = scores
on the RefSeq 39 mitogenome sequences without the corresponding genes, “shuffle” = scores on the RefSeq 39
mitogenome sequences after trinucleotide frequency preserving permutation.
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Figure A.3: (continued) These plots enable the user to assess the protein annotations by MITOS. “norm” = scores
of the initial hits found for the 13 protein coding gene families in the mitogenomes of RefSeq 39, “cut” = scores
on the RefSeq 39 mitogenome sequences without the corresponding genes, “shuffle” = scores on the RefSeq 39
mitogenome sequences after trinucleotide frequency preserving permutation.
AppendixB
The D-loop Region of B. bombina
135
136
Table B.1: Occurrence of identical secondary structures along a temperature gradient from 1◦C to 37◦C. Changes
of MFE structure (see Figure 4.6) within the same species are marked by alternating row colors. Note that similar
colors between species or interrupted by a different color within a species do not correspond to the same MFE
structure. For example, the MFE structure of B. bombina (EU115993) does not change between 1◦C and 5◦C or
7◦C and 12◦C. However, both MFE structures are not identical. Similarly, the MFE structure of B. bombina (Lak-
08) at 13/14◦C is not identical to the MFE of B. bombina (EU115993) at 13/14◦C. “Hypo. seq.” = hypothetical
sequence 11×type II-c.
B. bombina B. bombina B. bombina B. variegata B. orientalis
Temperature (Lak-08) (EU115993) (Hypo. seq.)
1◦C
2◦C
3◦C
4◦C
5◦C
6◦C
7◦C
8◦C
9◦C
10◦C
11◦C
12◦C
13◦C
14◦C
15◦C
16◦C
17◦C
18◦C
19◦C
20◦C
21◦C
22◦C
23◦C
24◦C
25◦C
26◦C
27◦C
28◦C
29◦C
30◦C
31◦C
32◦C
33◦C
34◦C
35◦C
36◦C
37◦C∑
different
4 5 3 5 4MFE structures
10◦C – 22◦C∑
different
11 9 5 16 7
MFE structures
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(a) (b)
Figure B.1: The model by Buroker et al. [55] describes the gain and loss of a repeat as the result of strand
displacement. Arrowheads indicate the endpoints of the repeat motifs, based on the termination associated sequences
(TAS) 1–3. (a) The gain of a repeat motif by partial displacement of a long D-loop through the H-strand. Upon
displacement of the repeat region, it tends to form local stable hairpins. Base pairing up- and downstream of the
hairpin structure results in a precise alignment of the 3’ end of the shortened strand with any copy of the repeat
sequence. (b) Loss of a repeat motif by partial displacement of a short D-loop strand through the H-strand. Upon
re-invasion of the D-loop 3’ end at a downstream copy, the L-strand is forced into a hairpin loop. Here, a copy
can be lost, if the D-loop strand is extended into a nascent H-strand. Both processes, (a) and (b), result in a
heteroduplex that will be resolved into molecules of two different sizes in the next replication cycle, resulting in
heteroplasmy. Image taken from Buroker et al. [55].
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Discussion of the control region dynamics
One might argue that the control region dynamics described in Chapter 4 could be an artifact
caused by accidental amplification of nuclear mitochondrial insertions (numts) or PCR artifacts
(e.g. jumping PCR). However, both explanations fail to account.
Numts evolve independently from the cytoplasmatic mitogenome and evolve as a pseudogene
in the absence of any functional constraints. This leads to a random occurrence of mutations.
However, the results obtained here are not consistent with these assumptions. First, the LV1 region
was amplified in each specimen by a single primer pair and the PCR product was directly sequenced
from both directions. These nucleotide sequences showed that the most common LV1 motif in
the reference mitogenome (EU115993) and in the LV1 regions described for the 11 remaining
specimens is the same II-c motif (see Table 4.3 and Figure 4.4). Furthermore, the nucleotide
sequences showed that the heterogeneous LV1 region found in this study was characterized by
the occurrence of motif II-c at the 5’ end of the LV1 region, whereas other structural types
were observed at the 3’ end. Given the assumption of the random occurrence of mutations, one
does not expect to find this pattern in numts. Based on the same argument, the existence of a
3’ conservative region within all structural LV1 motif types, while variability accumulates in the
5’ regions of the same motif, is not expected, assuming a numt as a source of the nucleotide
sequences presented here. Finally, the PCR fragment used to describe the LV1 region also covered
partial sequences of cytochrome b and the regions encoding tRNA proline and threonine. Again, if
structural variability found in this fragment is due to independent evolution of a numt, mutations
should be expected in these regions as well. However, no variability was found in these regions
except for a 1nt indel in two samples within the loop region of tRNA threonine which has no impact
on the folding patterns of this tRNA. In addition, the 189nt indel found when amplifying Bombina
DNA is also not indicative for a numt. The 189nt fragment has highly similar paralogous sequences
in the mitogenomes of B. variegata, B. fortinuptialis, and B. orientalis while other regions of the
D-loop are highly similar to the reference mitogenome (EU115993). This pattern is consistent
with a common origin of all Bombina mitogenomes while (more or less functional important) parts
of the mitogenome can be lost, resulting in divergent mtDNA lineages. In fact, the region where
the 189nt indel occurs was found to be highly dynamic by other researchers [300].
PCR artifacts may result in aberrant nucleotide sequences, i.e. caused by jumping PCR. In fact,
repetitive regions might be particularly prone to this kind of PCR artifact. However, given that
the LV1 region was analyzed based on a single PCR product in each specimen, it is not only
difficult to explain why PCR and/or sequencing artifacts may have generated aberrant nucleotide
sequences only in the 3’ part of the LV1 region while the 5’ part has been amplified/sequenced
without any artifact. Moreover, jumping PCR results from the function of incompletely extended
PCR products as primers in subsequent PCR cycles. Thus, aberrant PCR products/nucleotide
sequences result from mispriming of such incomplete PCR fragments at paralogue highly similar
sequences. Assuming this mechanism to generate the structural LV1 motif types described in this
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study, one should be able to explain the characteristic nucleotide sequence patterns (Figure 4.4)
in terms of DNA fragments originating from other parts of the same mitogenome. However, most
of these characteristic nucleotide sequence patterns represent unique DNA fragments. Finally, as
shown in Table 4.3, structural types occur in a constant order in all 11 B. bombina specimens
investigated here. It is unlikely that artifacts, occurring in 11 independent experiments, generate
comparable aberrant nucleotide sequences. Similarly, given that the 189nt indel has a paralogous
region in the mitogenome of sister species, this nucleotide sequence is unlikely to be the result of
imperfect PCR amplification and artificial incorporation of a 189nt fragment is not expected to
occur in 11 independent experiments.
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AppendixC
Split-Inducing Indels
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$ ./gappy -h
Please provide alignment file [-m MAF] or [-f FASTA].
Usage: gappy [OPTIONS]
gappy extracts splids (split-inducing indels) from multiple sequence
alignments in FASTA format. Minimum and maximum values for splid length
can be selected.
By default, the output is a FASTA file, containing the binary coded
splid absence/presence information, and some summary statistics. Output
is also available in PHYLIP and NEXUS format.
OPTIONS:
Generic options:
-h, --help display this help and exit.
--version output version information and exit.
-v, --verbose Show what’s being done.
--debug Show even more information on what’s being
done.
Configuration:
-f, --fasta Name of alignment file in FASTA format.
-m, --maf Name of alignment file in MAF format.
-o, --output-prefix Prefix for the output files. [GAPPY]
-l, --minsize Minimum indel size. [2]
-u, --maxsize Maximum indel size.
-g, --gapsize Only search for indels of this size.
-z, --fuzzy Use fuzzy search.
-c, --unknownchar Unknown sites. [?]
--wstart Start search at this column. Numbering starts
with 1.
--wend End search at this column. Numbering starts
with 1.
-n, --nexus Write result in NEXUS format. Default: FASTA
format only.
-p, --phylip Write result in PHYLIP format. Default: FASTA
format only.
Figure C.1: gappy parameter overview.
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ALNCOMBINE(1) User Contributed Perl Documentation ALNCOMBINE(1)
NAME
alnCombine.pl - Concatenation of MSAs in FASTA format.
SYNOPSIS
alnCombine.pl [options] file1 file2 .. fileN
-n Char to use if taxa has no sequence. [Default: ?]
-o Outfile [Default: aln.cat.aln]
-m No masking of alignment ends. [Default: on]
-c Char to use for masking. [Default: ?]
-h Print help message.
-man Full documentation.
OPTIONS AND ARGUMENTS
-n Char to use if taxa has no sequence.
[Default: ?]
-o Outfile
[Default: aln.cat.aln]
-m No masking of alignment ends.
[Default: on]
-c Char to use for masking.
[Default: ?]
-h Print help message.
[OPTIONAL]
-man Print full documentation.
DESCRIPTION
Concatenates same sequences of different multiple (fasta)
alignments. Make sure sequence IDs are unique within files
and identical between files. If a sequence doesn’t appear
in all files a gap character (’-n’) is used instead. Masking
(’-m’) changes leading and trailing gaps (see ’-c’).
EXAMPLES
alnCombine.pl [options] alnfile_1 alnfile_2 [...] alnfile_n
alnCombine.pl [options] alnfile_*
SEE ALSO
There is nothing known you can consider so far. But for good
laugh visit <http://bash.org>.
DISCLAIMER
The author is not responsible for any loss of data, wrong
research results or anything else which may be caused by using
this tool.
FEEDBACK
Reporting Bugs
This script does not, as far as known, obey Sturgeons law,
which says: 90% of everything is crud.
In case you have found any bugs, please report them to the
author.
AUTHOR
Alexander Donath
<alex [theSymbol] bioinf [dot] uni [minus] leipzig [dot] de>
VERSION
v1.0 (Jan 2011)
Please visit <http://www.bioinf.uni-leipzig.de/~alex> for
possible updates of this perl script.
perl v5.10.1 2011-03-18 ALNCOMBINE(1)
Figure C.2: Perldoc man page for alnCombine.pl script.
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AppendixD
Patterns of Rate Variation
window size:  20
Subtree defined by node 2
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  20
Subtree defined by node 5
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  20
Subtree defined by node 6
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
Figure D.1: The four species tree based alignment, scanned with a window size of 20nt.
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window size:  30
Subtree defined by node 2
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  30
Subtree defined by node 5
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  30
Subtree defined by node 6
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
Figure D.2: The four species tree based alignment, scanned with a window size of 30nt.
window size:  40
Subtree defined by node 2
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  40
Subtree defined by node 5
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  40
Subtree defined by node 6
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
Figure D.3: The four species tree based alignment, scanned with a window size of 40nt.
window size:  60
Subtree defined by node 2
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  60
Subtree defined by node 5
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  60
Subtree defined by node 6
TCTAGGGCCTCGAATGGCGGTGAGAGCCAAAGAATATCCGTGTCAGCTTTGGACTTCGATTGCTTGGAGCAAATCGGAAGGACTATACGGCCTACACCAT a
TCTAGGGCCTCTAATGGCGGTGAGAGCGAAAGAACATCCGTGTCAGCTTTATTTTTGGACACGCGAGTTGGACTCGCCAGGGCCAGAAGTACATGGGGCT b
TGGTGTTGTACTAATGGCGTAGAAACGCCGGTGATGCTCACGCGCAAGAGCCCCGTAGATAGGTAACTGCCACACTTGAGGACTACAAGTCATTATGGTT c
CCAATAAGAGCACCAGCCACGGTAGTACCCAAACACTATAGGTGCAGGCACCCCGTAGATAGGTAACTGCCACACATGAGGACTACAAGTCATTATGGTC d
.........10........20........30........40........50........60........70........80........90........100
sig
Figure D.4: The four species tree based alignment, scanned with a window size of 60nt.
147
window size:  30
Subtree defined by node 12
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  30
Subtree defined by node 5
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  30
Subtree defined by node 9
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  30
Subtree defined by node 2
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  30
Subtree defined by node 13
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  30
Subtree defined by node 6
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
Figure D.5: The eight species tree based alignment, scanned with a window size of 30nt.
window size:  40
Subtree defined by node 12
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  40
Subtree defined by node 5
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  40
Subtree defined by node 9
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  40
Subtree defined by node 2
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  40
Subtree defined by node 13
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  40
Subtree defined by node 6
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
Figure D.6: The eight species tree based alignment, scanned with a window size of 40nt.
window size:  60
Subtree defined by node 12
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  60
Subtree defined by node 5
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  60
Subtree defined by node 9
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  60
Subtree defined by node 2
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  60
Subtree defined by node 13
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
window size:  60
Subtree defined by node 6
ATCATGTCTTTAGCTGGGGTCTTAGAATGGATTCCCCGGGCGTCGTAATATAGCGATACTTGACGACTACAAGTGTAATCTCACGGAAATTTTGCCTCGT a
ACCATGTCTTTAGCTGGGGTCTTAGAAGGGATTCCCCGGGCGTCGTAATATGCCGTAAGGCATTGCCTGACATAATGACCTTAGCTTCATGTTACAAGCT b
ATAATATCTTTAGCTGGGGTCTTAGAATGAAATCCCCGTACGTCGTCAGACAATATACTAGAAAGAATCTTGACTCAGATTGACACGTTTGTCTCCAGTT c
ATCATATCTTTAGCTGGGGTCTTAGAATGGAATCCCCGAACGTCGTCAGAGACGAATTGATCTCTCACACCCTGACATTGTCGCCTAGATCTAAGATGGT d
TCGGTAGCCGTGTGTGGCCTATAATAAGTGATCGCCGCTCAGGCAAAGCATAGACAGAGAAGTTACTTACGCTAATACGCTCACCACGGATTCTCCAGGT e
GTTTCGTCTGTGGTAGCGTTAGTAGTATGGGTAACTGGTATGTTAAGCTGTAGATAGAGAAGTAACTTACGATAATACGCTCACCACGGATTCTCCTGGT f
TTTCGCACTGACATAAGAGTTGTTAATTGTATGGCTCGGACTGCTCAATATAGCTAGAGAAGTTACTTAGGAGAATCCGCTCTCCACGGAGTGTCCTGCT g
ACCCTTACCTTAGCGGCAGCCATGAGCCCGCCACTCGGGTTGCAAAAACCTAGATAGCGTAGTTACTCAGGTTAATACGCTCACCACGGATAGACCCGGT h
.........10........20........30........40........50........60........70........80........90........100
sig
Figure D.7: The eight species tree based alignment, scanned with a window size of 60nt.
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